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FOREWORD 


It  is  now  well-known  that  the  magnetosphere,  ionosphere,  and  thermosphere  are  strongly  coupled  via  electric  fields, 
particie  precipitation,  field-aligned  currents,  heat  flows  and  frictional  interactions.  It  has  also  been  clearly  established  that  the 
entire  system  is  driven  by  temporal  variations  of  the  solar  wind  and  interplanetary  magnetic  field  (IMF).  For  example, 
variations  in  the  solar  wind  dynamic  pressure  and  the  IMF  direction  affect  the  magnetospheric  electric  field  and  energetic 
particle  precipitation  patterns.  Changes  in  these  patterns  then  affect  the  ionospheric  structure,  composition,  and  circulation, 
and  these  changes,  in  turn,  affect  the  thermosphere.  During  the  last  decade,  significant  progress  has  been  made  in  elucidating 
the  main  coupling  processes  linking  the  magnetosphere,  ionosphere  and  thermosphere.  Associated  with  this  advance  has 
been  a  parallel  advance  in  our  understanding  of  the  formation  and  evolution  of  the  major  morphological  features  observed  in 
the  ionosphere.  However,  in  addition  to  the  large-scale  morphological  features,  the  ionosphere  also  exhibits  a  considerable 
amount  of  structure,  with  scale  lengths  ranging  from  metres  to  hundreds  of  kilometres.  At  present,  the  formation  and 
evolution  of  ionospheric  structure  is  less  clearly  understood. 

Because  of  the  strong  coupling,  the  time  delays,  and  the  feedback  mechanisms  that  exist  between  the  different  elements 
of  the  magnetosphere-ionosphere-thermosphere  system,  a  complete  understanding  of  ionospheric  behaviour  can  be 
achieved  only  when  the  entire  system  is  studied.  With  this  in  mind,  the  Electromagnetic  Wave  Propagation  Panel  sponsored 
a  symposium  on  “Ionospheric  Structure  and  Variability  on  a  Global  Scale  and  Interaction  with  the  Atmosphere  and 
Magnetosphere”.  The  symposium  was  held  in  Munich,  Germany,  16—20  May,  1 988.  The  meeting  was  divided  into  six 
sessions,  including  Solar-Terrestrial  Relationships,  Ionosphere-Magnetosphere  Interactions,  Global  Ionospheric  Dynamics, 
Ionosphere- Atmosphere  Interactions,  Ionosphere  Irregularities,  and  Muitistation/Multiparameter  Observations  and 
Systems  Impact.  In  each  session  there  were  both  invited  and  contributed  presentations,  with  a  total  of  46  presentations 
during  the  five-day  meeting.  These  proceedings  contain  the  papers  presented  at  the  symposium;  they  were  reproduced 
directly  from  copies  furnished  by  the  authors. 

We  would  like  to  thank  the  Programme  Committee  Members  and  Session  Chairmen  for  their  help.  Special  thanks  arc 
also  due  to  the  EPP  Executive,  the  German  Delegation,  the  interpreters  and  the  AGARD  staff. 


L.Bossv 

R.W.Schunk 


THEME 


Hitherto,  study  of  the  aerospace  propagation  media  tended  to  concentrate  on  localised  phenomena  or  events.  However, 
there  is  a  range  of  phenomena  which  need  for  their  elucidation  observations  and  analysis  on  a  global  scale.  Much  of  the  local 
ionospheric  behaviour  is  determined  by  coupling  electrically  to  the  distant  ionosphere  and  solar  wind,  and  coupling 
dynamically  and  electrodynamically  to  higher  and  lower  levels  of  the  atmosphere.  Global  multistation/multiparameter 
observations  are  often  found  to  be  necessary  to  provide  the  frame  of  reference  for  interpreting  both  stationary  and 
propagating  locally  observed  effects. 

Communications,  Navigation  and  Surveillance  systems  operating  in/through  the  aerospace  EM  propagation 
environment  are  affected  by  the  state/variability  of  the  propagation  media.  An  understanding  of  the  complex  global 
interaction  would  improve  the  means  of  predictability  and  assessment  of  localised  phenomena  and  suggest  methods  for 
mitigation  of  adverse  propagation  conditions. 


Jusqu'a  present,  T  etude  des  milieux  de  propagation  aerospatiaux  avail  tendance  a  porter  essentiellement  sur  des 
phenomenes  ou  des  evenements  localises.  II  existe  cependant  toute  un  serie  de  phenomenes  qui,  pour  etre  bien  compris, 
neecssitent  des  observations  et  une  analyse  a  Techelle  du  globe.  Le  comportement  de  I'ionosphere  locale  est  determine  en 
grand  partie  par  son  couplage  dynamique  ct  clectrodynamique  avec  les  couches  inferieure  et  superieure  de  T  atmosphere. 
Des  observations  a  Techelle  du  globe  portant  sur  de  nombreux  parametres  releves  par  un  grand  nombre  de  stations  s’averent 
souvent  necessaires  pour  foumir  un  cadre  de  reference  permettant  d'interpreter  les  effets  stationnaires  et  propages  observes 
loealement. 

Les  systemes  de  communications,  de  navigation  et  de  surveillance  fonctionnant  dans  ou  a  travers  le  milieu  aerospatial 
de  propagation  electromagnetique  sont  affectes  par  Petal  ou  la  variabilite  du  milieu  dans  lequel  se  produit  la  propagation.  La 
comprehension  de  Tinteraction  complexe  a  Techelle  du  globe  permettrait  dameliorer  les  moyens  utilises  pour  prevoir  et 
evaluer  les  phenomenes  localises  et  de  proposer  des  mefhodes  susceptibles  de  rendre  moins  severes  les  conditions 
defavorables  de  propagation. 
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TECHNICAL  EVALUATION  REPORT 


BY 

R.VV.  SCHUNK 

Center  for  Atmospheric  and  Space  Sciences 
Utah  State  University 
Logan,  Utah  84322-4405 


1. INTRODUCTION 


The  Electromagnetic  Wave  Propagation  Panel  sponsored  a  specialists’  meeting  on  “Ionospheric 
Structure  and  Variability  on  a  Global  Seale  and  Interaction  with  the  Atmosphere  and  Magne¬ 
tosphere.”  The  symposium  was  held  in  Munich,  West  Germany  on  16-20  May  1988.  The  co- 
chairmen  were  L.  Bossy  (Belgium)  and  R.VV.  Schunk  (U.S.A.),  and  the  Program  Committee'  con¬ 
sisted  of  Dr.  H.  Soicher  (U.S.A.),  Prof.  T.B.  Jones  (U.K.),  Dr.  A.  Brekke  (Norway),  Dr.  C.. 
Rostoker  (Canada),  Prof.  R.D.  Hunsucker  (U.S.A.),  Dr.  K.  Schlegel  (Germany)  and  C.  Senior 
(France).  The  meeting  was  divided,  into  six  sessions,  including  Solar- Terrestrial  Relationships  (ses¬ 
sion  1),  Global  Ionospheric  Dynamics  (session  2),  Ionosphere-Magnetosphere  Interactions  (session 
3),  Ionosphere-Atmosphere  Interactions  (session  4),  Ionospheric  Irregularities  (session  5),  and  Mul¬ 
tistation/Multiparameter  Observations  and  Systems  Impact  (session  6).  In  each  session,  there  were 
both  invited  and  contributed  presentations.  A  total  of  46  papers  were  presented  during  the  five- 
day  meeting.  The  meeting  was  ended  with  a  round  table  discussion,  where  the  session  chairmen 
summarized  their  views  on  the  current  state  of  knowledge  and  the  future  direction  of  the  field. 

2.  THEME 


Hitherto,  study  of  the  aerospace  propagation  media  tended  to  concentrate  on  localised  phenom¬ 
ena  or  events.  However,  there  is  a  range  of  phenomena  which  need  for  their  elucidation  observations 
and  analysis  on  a  global  scale.  Much  of  the  local  ionospheric  behaviour  is  determined  by  coupling 
electrically  to  the  distant  ionosphere  and  solar  wind,  and  coupling  dynamically  and  electrodynami¬ 
cally  to  higher  and  lower  levels  of  the  atmosphere.  Global  multistation/multiparameter  observations 
are  often  found  to  be  necessary  to  provide  the  frame  of  reference  for  interpreting  both  stationary 
and  propagating  locally  observed  effects. 

Communications,  Navigation  and  Surveillance  systems  operating  in/through  the  aerospace  EM 
propagation  environment  are  affected  by  the  state/variability  of  the  propagation  media.  An  under¬ 
standing  of  the  complex  global  interaction  would  improve  the  means  of  predictability  and  assessment 
of  localised  phenomena  and  suggest  methods  for  mitigation  of  adverse  propagation  conditions. 

3.  TECHNICAL  EVALUATION 


0.1.  SESSION  I— SOLAR-TERRESTRIAL  RELATIONSHIPS 

This  session  addressed  the  broad  issues  involving  sun-earth  coupling  processes,  including  the 
effect  of  solar  flares,  the  solar  wind,  and  the  interplanetary  magnetic  field  on  the  ionosphere- 
atmosphere  system.  The  session  also  dealt  with  more  rigorous  mathematical  formulations  of  iono¬ 
spheric  dynamics  and  acoustic  gravity  waves.  Four  papers  were  presented  in  this  session  and  the 
chairman  was  H.  Rishbeth. 


ix 


The  first  paper  (1)  was  an  invited  review  given  by  J.  Lemaire,  entitled  “Solar-Terrestrial  Rela¬ 
tions:  Flare  and  Solar  Wind  Effects.”  This  paper  emphasized  that  solar  flares  and  solar  activity 
in  general  affect  the  plasma  and  magnetic  fields  in  the  interplanetary  medium.  Both  large-scale 
and  small-scale  inhomogeneities  are  produced  in  the  solar  wind,  and  the  subsequent  interaction 
of  the  solar  wind  with  the  earth’s  magnetic  field  acts  to  produce  structure  and  variability  in  the 
ionosphere-atmosphere  system.  The  discussion  emphasized  the  need  to  include  these  effects  in  the 
modelling. 

The  following  review  paper  by  G.  Rostoker  (2)  was  entitled  “Magnetospheric  Substorms  as  a 
Signature  of  the  Solar  Terrestrial  Interaction.”  This  paper  discussed  the  dynamics  of  substorms,  and 
it  was  shown  that  changes  in  the  interplanetary  magnetic  field  (IMF)  direction  lead  to  substorms 
that  last  for  a  time  ranging  front  a  few  minutes  to  a  few  hours.  During  changing  IMF  conditions, 
large  amounts  of  solar  wind  energy  penetrate  into  the  magnetosphere.  This  energy  is  first  stored  as 
magnetic  field  energy  in  the  magnetotail  and  as  kinetic  drift  energy  of  particles  in  the  plasma  sheet 
,and  boundary  layer.  Ultimately,  the  energy  is  dissipated  in  the  ionosphere-atmosphere  system  via 
V  field-aligned  currents,  energetic  particle  precipitation,  and  electric  fields.  There  also  was  a  discussion 
on  the  possibility  of  being  able  to  predict  the  location  and  level  of  ionospheric  perturbations  during 
substorm.  In  this  regard,  it  was  noted  that  progress  has  been  made  in  understanding  substorm 
dynamics,  but  much  work  still  remains  before  reliable  predictions  are  possible. 

Papers  (3)  and  (1)  dealt  with  mathematical  models  for  ionospheric  plasma  transport  and  acoustic 
gravity  waves,  respectively.  In  the  paper  by  K.  Surhy,  entitled  “Balance  Equations  for  Ionospheric 
ITasmas  with  Different  Fartial  Temperatures”,  physica'lv  meaningful  expressions  for  partial  tem¬ 
peratures,  partial  energies,  and  partial  heat  fluxes  were  established  and  then  the  corresponding  set 
of  plasma  transport  equations  were  derived.  These  transport  equations  should  provide  a  better 
description  of  the  ionosphere  for  conditions  when  there  are  large  temperature  differences  between 
the  interacting  species.  In  the  paper  by  Miesen  et  al,  entitled  “Nonlinear  Wave  Equations  for 
Low- Frequency  Acoustic  Gravity  Waves,”  the  characteristic  nonlinear  equations  for  low-frequency 
internal  gravity  waves  were  derived  for  an  incompressible  isothermal  atmosphere  because  these 
waves  affect  the  refraction  index  of  the  atmosphere,  and  hence,  are  relevant  to  electromagnetic 
wave  propagation.  The  equations  derived  by  the  authors  apply  to  the  horizontal  and  time  varia 
lions  of  the  disturbance,  and  a  discrete  spectrum  of  group  velocities  for  the  waves  was  found. 

0.2.  SESSIOS  HI  JOS  OS  1 ’HERE/. MAGNETOSPHERE  JSTERACTIOSS 

At.  the  time  of  the  meeting,  after  the  abstracts  were  in  hand,  it  made  more  sense  scientifically 
to  put  session  3  ahead  of  session  2.  This  session  dealt  with  all  forms  of  ionosphere-magnetosphere 
coupling  phenomena,  including  field-aligned  currents,  particle  precipitation,  electric  fields,  and 
ionospheric  ion  outflows.  The  session  also  covered  the  effects  of  magnetospheric  processes  on  the 
ionosphere.  Six  papers  were  presented  in  the  session,  and  it  was  chaired  by  C.  Senior. 

The  first  paper  was  a  review  given  by  M.  Blanc  (5),  entitled  “Ionospheric-Magnotospherie  Cou¬ 
pling  Processes.”  The  review  was  primarily  limited  to  a  description  of  the  theoretical  work  being 
done  in  this  area,  and  it  covered  the  high,  middle  and  low  latitude  regimes.  It  was  shown  that 
magnetospheric  ionospheric  coupling  phenomena  exist  in  all  three  ionospheric  domains,  but  tha’ 
they  are  strongest  at  high  latitudes.  It  was  also  shown  that  there  can  be  time  delays  between 
magnetospheric  variations  amt  ionospheric  responses,  which  makes  ionospheric  forecasting  difficult. 

Dr.  It. A.  Hoffman  (fi)  also  presented  a  review  on  ionosphere-magnetosphere  coupling,  entitled 
"Observations  of  Ionosphere/ Magnetosphere  Interactions  from  the  Dynamics  Explorer  Satellites.” 
The  observations  presented  were  truly  unique  in  that  the  data  were  obtained  simultaneously  from 
two  satellites,  one  in  the  ionosphere  and  one  in  the  magnetosphere.  A  striking  finding  was  that  dur 
ing  extremely  quiet  magnetic  activity,  the  large-scale  convection  in  the  dark  polar  cap  disappears, 
leaving  only  small  scale  structures.  In  general,  it  was  found  that  the  plasma  convection  pattern  is 
a  strong  function  of  both  the  IMF'  and  the  substorm  phase. 

In  her  paper  "Empirical  Models  of  Electric  Fields  and  Electrostatic  Potential  at  High  Latitudes 
from  F.ISCAT  Observations:  Preliminary  Results,”  C.  Senior  (7)  presented  average  plasma  convec¬ 
tion  patterns  calculated  from  ion  drift  data  obtained  by  the  EISCAT  incoherent  scatter  radar  in 
Europe.  The  calculated  patterns  were  consistent  with  the  well-known  two-cell  structure  of  antisun- 
ward  flow  over  the  polar  cap  and  sunward  flow  equatorward  of  the  auroral  zone.  These  patterns 
are  needed  in  all  ionosphere  and  thermosphere  modelling  studies  of  the  high  latitude  domain. 

Convection  patterns  were  used  in  a  case  study  by  B.  Watkins  et  al  (8),  e,  titled  “Interplane¬ 
tary  Magnetic  Field  Effects  on  the  Polar  Ionosphere  During  Geomagnetic  Disturbances.”  Specifi- 


cally,  the  temporal  variation  of  the  polar  /’-region  was  modelled  using  a  coupled  magnetosphere- 
ionosphere  system.  The  unique  aspect  of  the  modelling  was  related  to  the  fact  that  the  plasma 
convection  and  particle  precipitation  patterns  varied  systematically  with  the  variation  of  the  IMF, 
and  the  resulting  ionospheric  variations  were  shown  to  be  significant. 

The  final  two  papers  in  this  session  dealt  with  wave  excitation  and  plasma  irregularities.  K. 
Rinnert  (9)  in  his  paper  entitled  “Low  Frequency  Electrostatic  Waves  Observed  in  the  Vicinity  of 
an  Auroral  Arc”  showed  rocket  data  obtained  in  the  vicinity  of  a  faint  auroral  arc.  The  signals  were 
ion  cyclotron  waves  excited  by  ion  beams  on  the  equatorward  edge  of  the  electron  precipitation 
region.  In  hir  ^aper  entitled  “Polar  FI  Layer  Lacuna  Irregularities  at  Dumont  d’Urville”  P.  Vila 
presented  ionogram  sequences  to  support  his  conclusion  that  the  polar  FI  layer  lacuna  irregularities 
are  not  always  caused  by  the  two-stream  instability,  but  can  be  caused  by  plasma  resonances  driven 
by  F  region  parallel  currents. 

0.3.  SESSION  II-GLOBAL  IONOSPHERIC  DYNAMICS 

This  session  covered  all  aspects  of  global  ionospheric  dynamics,  including  dynamical  processes  in 
the  high,  middle,  and  low  latitude  regimes.  The  dynamical  features  ranged  from  large-scale  plasma 
convection  at  high  latitudes  to  small-scale  plasma  bubble  motion  in  the  equatorial  ionosphere.  The 
session  chairman  was  G.  Prolss  and  ten  papers  were  presented. 

The  first  presentation  was  a  review  talk  given  by  K.  Rawer  (11)  entitled  “Global  Ionospheric 
Dynamics.”  The  talk  was  tutorial  in  nature  and  covered  the  basic  physics  governing  dynamical 
processes  in  the  ionosphere.  The  talk  emphasized  the  importance  of  the  geomagnetic  field  in 
determining  plasma  drift  features.  It  was  also  noted  that  neutral  winds  affect  ionospheric  motion 
at  mid-latitudes,  while  electric  fields  are  dominant  at  low  and  high  latitudes. 

The  next  presentation  was  also  ?  review  talk  given  by  H.  Rishbeth  (12),  entitled  “Global  Iono¬ 
sphere  Dynamic*"  A  Review.”  Dr.  Rishbeth  reviewed  various  aspects  of  ionospheric  structure  and 
dynamics,  including  the  effects  of  winds  on  the  ionosphere,  ionospheric  storms,  sporadic  E,  and 
both  low  and  high  latitude  dynamical  processes.  The  emphasis  was  on  our  ability  to  model  the 
ionosphere  and  both  empirical  and  physical  models  were  discussed. 

The  paper  by  D.  Anderson  and  J.M.  Forbes  (13)  on  “A  Fully  Analytic,  Low  and  Mid-Latitude 
Ionospheric  Model”  was  also  concerned  with  ionospheric  modelling.  Ir.  particular,  a  new  analytical 
model  of  the  ionosphere  was  described.  This  model  generates  electron  density  profiles  for  a  range 
of  solar  cycle  conditions  (minimum,  moderate  and  maximum)  and  for  different  seasonal  conditions 
(winter,  summer  and  equinox).  Differences  between  the  new  model  and  previous  analytical  models 
were  discussed. 

K.  Schlegel  et  al  (14)  discussed  the  formation  of  plasma  bubbles  in  their  paper  entitled  "Global 
Morphology  of  Plasma  Bubbles  in  the  Low  Latitude  Ionosphere.”  Measurements  of  the  electron 
density  and  temperature  in  and  around  plasma  bubbles  were  presented.  The  bubbles  were  observed 
near  the  magnetic  equator,  and  it  was  found  that  the  temperature  in  the  bubbles  ran  be  both  higher 
and  lower  than  the  surrounding  plasmas,  which  was  a  surprising  result. 

A  paper  entitled  “Simulation  of  the  Polar  Cap  F  Region  Ionization  Using  an  Experimental  Con¬ 
vection  Electric  Field”  was  presented  by  C.  Taieb  (15).  This  paper  discussed  the  results  obtained 
from  a  numerical  model  of  the  polar  ionosphere.  Measured  electric  fields  were  used  to  obtain  a 
plasma  convection  pattern,  and  the  ionospheric  response  to  this  pattern  was  calculated  and  com¬ 
pared  to  electron  densities  measured  by  the  EISCAT  incoherent  scatter  radar.  Tnere  was  excellent 
agreement  between  measured  and  calculated  ionospheric  parameters. 

G.  Wrenn  et  al  (16)  presented  “Average  Diurnal  and  Seasonal  Profiles  of  Ionospheric  Storms.” 
These  authors  noted  that  the  forecasting  of  Maximum  Usable  Frequencies  for  short-wave  radio 
communication  is  not  reliable  because  of  /0Fi  reductions  during  ionospheric  storms.  An  extensive 
io nosonde  data  base  was  assembled  from  five  mid-latitude  sites  over  a  complete  solar  cycle  with 
the  hope  that  the  data  might  shed  fight  on  the  cause  of  ionospheric  storms.  The  characteristics  of 
the  data  were  presented  and  modellers  were  encouraged  to  study  the  data. 

“Medium  Scale  Structure  of  the  F-Region”  by  A.  Paul  (17)  was  a  presentation  that  emphasized 
the  need  to  make  more  frequent  ionosonde  measurements.  Currently,  routine  ionosonde  measure¬ 
ments  are  made  on  an  hourly  basis,  However,  digital  ionograms  were  presented  supporting  the 
hypothesis  that  acoustic  gravity  waves  cause  important  short  term  F-region  variations.  The  grav¬ 
ity  waves  appear  to  be  present  at  all  times,  and  therefore,  more  frequent  ionospheric  measurements 
are  needed. 
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Paper  number  (18)  by  P.  Kossey  and  J.E.  Rasmussen  was  entitled  “VLF/LF  Radiowave  Studies 
of  the  Structure  of  the  Equatorial,  Mid-Latitude  and  Polar  Ionosphere  Below  100  km.”  Data  ob¬ 
tained  in  the  polar  cap  during  solar  proton  events  were  presented,  and  the  effect  of  such  ionospheric 
disturbances  on  VLF/LF/HF/VHF  military  systems  was  discussed. 

Y.  Tulunay  (19)  presented  a  paper  entitled  “The  Middle  and  High  Latitude  Ionosphere  at  About 
550  km  Altitude.”  Ariel  4  satellite  data  were  presented  in  order  to  describe  the  general  morphology 
of  the  electron  density  in  the  mid-latitude  trough,  the  polar  cap  depletions,  and  the  auroral  en¬ 
hancements.  At  equinox  and  for  quiet  magnetic  activity,  the  maximum  electron  densities  observed 
in  the  northern  and  southern  hemispheres  were  found  to  differ  significantly. 

The  final  paper  of  the  session  was  by  R.W.  Schunk  and  J.J.  Sojka  (20),  entitled  “Modelling 
Ionospheric  Density  Structures.”  From  the  model  study  it  was  found  that  F-region  plasma  den¬ 
sity  structures  in  the  polar  region  can  be  created  by  a  variety  of  processes,  including  structured 
electric  fields,  structured  precipitation  in  the  auroral  oval  or  in  sun-aligned  polar  cap  arcs,  plasma 
instabilities,  and  temporal  variations  of  the  IMF.  It  was  also  found  that  the  lifetime  of  large-scale 
ionospheric  density  structures  depends  on  the  seasonal  and  solar  cycle  conditions. 

0.4.  SESSION  IV — IONOSPHERE/ ATMOSPHERE  INTERACTIONS 

This  session  covered  a  broad  range  of  ionosphere-atmosphere  coupling  phenomena,  including 
large-scale  momentum  and  energy  coupling  at  high  latitudes,  the  effect  of  non-thermal  plasmas  on 
the  coupling  processes,  the  influence  of  TID's  and  gravity  waves  on  the  coupling,  and  the  influence 
of  ionospheric  conductivity.  There  were  nine  papers  presented  and  the  session  chairman  was  G. 
Rostoker. 

The  first  paper  was  a  review  of  the  recent  ionosphere-atmosphere  model  studies  by  D.  Rees 
and  T.J.  Fuller-Rowcll  (21),  entitled  “Seasonal  and  Universal  Time  Variations  of  the  Geomagnetic 
Response  of  the  Thermosphere  and  Ionosphere.”  Using  a  fully-coupled  self-consistent  model  of 
the  ionosphere-thermosphere  system,  the  authors  presented  a  series  of  simulations  for  moderate 
and  disturbed  geomagnetic  activity  levels,  high  and  low  solar  activity,  and  for  various  seasonal 
conditions.  The  complicated  coupling  processes  were  pointed  out  as  was  the  great  variability  of  the 
ionosphere-atmosphere  system  at  high  latitudes.  The  results  emphasized  the  difficulties  associated 
with  developing  computationally  fast  empirical  models  of  the  high  latitude  region. 

G.  I'rdlss  (22)  also  presented  a  review  talk  on  “Ionosphere-Atmosphere  Interactions.”  but  this 
presentation  emphasized  experimental  results  rather  than  theory  or  modelling.  An  excellent  discus¬ 
sion  was  given  on  the  inability  of  existing  models  to  explain  certain  observed  thermospheric  effects, 
such  as  ionospheric  storms. 

K.J.  Winscr  et  al  (23)  presented  a  paper  on  “Ionosphere-Thermosphere  Coupling  at  High  Lat¬ 
itudes:  Aspect  Angle  Dependence  of  Non-Thermal  Plasmas.”  EISCAT  radar  measurements  were 
presented  that  tend  to  confirm  theoretical  predictions  of  non-Maxwellian  ion  velocity  distributions 
in  ionospheric  regions  where  the  plasma  convection  speed  exceeds  1  km/s.  The  non-thermal  features 
were  shown  to  affect  ionosphere-atmosphere  momentum  and  energy  coupling. 

In  a  paper  by  A.  Brekke  and  C.  Hall  (24),  entitled  “Quiet  Time  Conductivities  of  the  Auroral 
Ionosphere,”  EISCAT  radar  data  were  used  to  derive  aurora]  conductances  and  the  results  were 
compared  to  previous  work.  It  was  noted  that  different  authors  have  obtained  different  results,  and 
some  of  the  discrepancies  can  be  traced  to  the  use  of  different  collision  frequency  models. 

D.  Figueroa  and  H.  K’ohl  (25)  discussed  the  “Calculation  of  the  Neutral  Gas  Temperature  and 
Velocity  Vector  Using  EISCAT  CP-3  Data.”  Using  radar  data  as  an  input,  the  energy  equation  for 
the  ions  and  the  momentum  equation  for  the  neutrals  were  solved  in  order  to  obtain  the  temperature 
and  horizontal  velocity  of  the  neutral  gas.  The  calculated  neutral  gas  velocities  showed  the  strong 
influence  of  plasma  convection  at  high  latitudes. 

Paper  (26)  was  by  I.W.  McCrea  et  al,  entitled  “Ion  Heating  Events  Observed  by  the  EISCAT 
Radar.”  EISCAT  radar  data  were  examined  in  an  effort  to  identify  times  when  there  were  elevated 
ion  temperatures.  The  majority  of  the  enhanced  ion  temperatures  were  observed  in  the  evening  and 
early  morning  sectors.  The  existence  of  enhanced  ion  temperatures  at  these  times  was  attributed  to 
the  occurrence  of  lower  plasma  densities,  and  hence,  decreased  ion-neutral  coupling,  which  results 
in  larger  ion-neutral  drift  velocity  differences.  The  latter,  in  turn,  leads  to  increased  frictional 
heating  rates. 

Kamp  et  al  (27)  presented  a  paper  entitled  “On  the  Influence  of  the  Earth’s  Magnetic  Field 
on  Ionospheric  Acoustic  Cravity  Waves.”  The  authors  derived  a  generalized  dispersion  relation 
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for  ail  modes,  including  acoustic  gravity  waves  and  electromagnetic  waves.  They  found  that  the 
ionospheric  conductivity  results  in  a  strong  temporal  damping  of  the  acoustic  gravity  waves. 

Gravity  waves  were  also  discussed  by  H.-P.  Mauelshagen  and  K.  Schlegel  (28)  in  a  paper  “Atmo¬ 
spheric  Gravity  Waves  in  the  Auroral  Source  Region  of  TID’s  Studied  with  the  EISCAT  CP2-Data.” 
These  authors  studied  the  source  of  gravity  waves  using  high-resolution  EISCAT  radar  data.  The 
different  propagation  directions  of  the  waves  were  then  examined  with  respect  to  their  position  in 
the  auroral  oval  and  with  respect  to  substorm  phases,  which  allowed  for  an  identification  of  the 
source  region. 

The  final  paper  in  the  session  by  U.  Inan  was  withdrawn,  and  it  was  replaced  with  a  paper  given 
by  M.  Cutolo  (29),  entitled  “Artifical  Ionization  in  Polar  Aurora  Attained  in  the  Ionosphere  by 
Radio  Waves  Emitted  from  the  Ground.” 

0.5.  SESSION  V — IONOSPHERIC  IRREGULARITIES 

This  session  was  concerned  with  small-scale  ionospheric  structure  and  plasma  irregularities. 
The  papers  presented  covered  both  man-made  and  natural  plasma  irregularities.  The  discussions 
concerning  natural  irregularities  included  those  occurring  in  the  polar  cap,  auroral  E  region,  and 
low  latitude  ionosphere.  The  effect  of  irregularities  on  electromagnetic  wave  propagation  was  also 
discussed.  The  session  chairman  was  A.  Brekke  and  seven  papers  were  presented  in  this  session. 

Professor  J.  Fejer  (30),  who  is  one  of  the  world’s  leading  experts  on  plasma  irregularities,  pre¬ 
sented  a  comprehensive  review  on  “Ionospheric  Irregularities  Due  to  Powerful  HF  Radio  Transmis¬ 
sions.”  Professor  Fejer  discussed  all  aspects  of  the  phenomena  that  play  a  role  in  the  production  of 
irregularities  by  powerful  HF  transmitters.  He  discussed  thermal-focusing  of  radio  waves  and  the 
production  of  irregularities  by  thermal  parametric  instabilities  as  well  as  parametric  instabilities 
in  which  the  pondermotive  force  dominates  over  thermal  forces.  Professor  Fejer  also  discussed  the 
practical  applications  associated  with  artificially-induced  ionospheric  irregularities. 

“A  Review  of  Radio  Studies  of  Auroral  E-Region  Ionospheric  Irregularities”  was  presented  by  C. 
Haldoupis  (31).  The  discussion  centered  on  recent  radar  studies  of  auroral  irregularities  at  different 
frequency  bands  in  the  VHF  and  UHF  range.  It  was  noted  that  the  original  work  on  ‘auroral’  E- 
region  irregularities  was  heavily  influenced  by  the  work  done  on  ‘equatorial’  irregularities  because 
in  both  regions  there  are  strong  horizontal  currents  carried  by  E  X  B  drifting  electrons.  However, 
recent  auroral  observations  have  shown  that  there  are  several  other  physical  processes  operative  in 
the  auroral  region  that  can  produce  E-region  irregularities.  Professor  Haldoupis  also  summarized 
the  major  unresolved  problems  in  this  field. 

Professor  K.C.  Yeh  (32)  presented  an  excellent  paper  on  “Ionospheric  Irregularities  and  Their 
Effects  on  Electromagnetic  Waves  Propagating  Through  Them”.  He  noted  that  the  ionospheric 
medium  is  dispersive  and  in  the  presence  of  irregularities  additional  wave  scattering  can  take  place. 
Therefore,  a  radio  wave  propagating  through  an  environment  containing  irregularities  can  expe¬ 
rience  fading  and  scintillations.  He  also  noted  that  it  is  now  well-known  irregularities  strongly 
depend  on  the  phase  of  the  solar  cycle,  the  geomagnetic  latitude  and  local  time. 

Paper  (33)  by  Cerisier  et  al  was  on  “Electrostatic  Turbulence  in  the  High  Latitude  Ionosphere." 
Electric  field  data  from  the  low  altitude  polar  orbiting  satellite  AureoI-3  were  analyzed  to  study 
the  characteristics  of  electrostatic  turbulence.  The  turbulence  features  were  then  used  to  determine 
the  possible  sources  of  free  energy  needed  to  excite  the  turbulence,  including  field-aligned  currents, 
particle  precipitation  and  electron  density  gradients. 

The  paper  by  Aarons  et  al  (34)  was  on  “Auroral  and  Sub-Auroral  E  Layer  Irregularity  Studies  in 
the  Northern  and  Southern  Hemispheres  During  the  Equinox  Transition  Study.”  Data  on  E-layer 
irregularities  obtained  during  the  1984  Energy  Budget  Campaign  were  presented.  It  was  found  that 
for  sub-auroral  latitudes  there  was  a  dramatic  difference  between  the  irregularity  intensity  during 
a  period  of  magnetic  quiet  at  the  beginning  of  the  campaign  and  a  period  of  magnetic  quiet  in 
the  recovery  period  of  a  magnetic  storm.  The  authors  suggested  that  the  ring  current  played  a 
significant  role  in  this  time  period. 

Hanuise  et  al  (35)  presented  a  paper  on  “Small-Scale  Irregularities  and  Global  Plasma  Dynamics 
in  the  High  Latitude  Ionosphere.”  The  authors  described  a  measurement  program,  based  on  new 
sophisticated  HF  coherent  radars,  called  Polar  Region  Ionosphere  Structure  Monitor  (PRISM). 
With  the  new  system  one  can  derive  a  two-dimensional  map  of  plasma  convection  and  electric  fields 
over  a  region  as  large  as  2  million  square  kilometers,  with  a  good  spatial  resolution.  It  therefore  offers 
a  unique  opportunity  to  study  the  formation  and  dynamics  of  small-scale  ionospheric  structures. 
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ine  final  paper  in  this  session  was  by  K.  Bibl  (36),  entitled  “Examples  of  Meteorological  Behavior 
of  the  Ionosphere”.  One  example  shown  was  called  the  ‘European  Anomaly’  by  the  author.  In  fixed 
frequency  ionosonde  recordings,  this  feature  was  discovered  as  direct  oblique  echoes  from  a  hole 
in  the  ionosphere  over  the  Alps.  The  author  presented  maps  of  this  meteorological  ionospheric 
phenomenon  in  terms  of  contours  of  plasma  density  over  Europe  obtained  from  ten  stations.  The 
reason  for  this  ionospheric  feature  is  unknown. 

0.6.  SESSION  VI— MULTISTATION-MULTIPARAMETER  OBSERVATIONS  AND  SYSTEMS 
IMPACT 

The  final  session  involved  a  discussion  of  the  efforts  underway  to  determine  the  global-scale 
characteristics  of  the  ionosphere  using  data  obtained  simultaneously  from  multiple  ground-based 
sites  and  from  satellites.  The  emphasis  here  was  on  ionospheric  forecasting.  This  session  was  also 
concerned  with  the  effect  of  the  ionosphere  on  military  systems.  There  were  ten  papers  presented 
in  this  session  and  the  chairman  was  R.W.  Schunk. 

B.  Reinisch  (37)  described  a  new  generation  of  ionosondes  that  is  currently  being  employed  in  his 
paper  entitled  “Multistation/Multiparameter  Observations  with  a  Network  of  Digital  Ionosondes.” 
By  the  end  of  this  year,  forty  digital  ionosondes  spread  around  the  high  latitude  region  will  provide 
a  simultaneous  data  set  of  ionospheric  parameters  ( f0F2 ,  }0F  1,  }0E,  etc.)  that  are  automatically 
scaled  in  real  time.  All  the  data  can  be  remotely  accessed  by  telephone  links.  These  data  should 
be  invaluable  for  obtaining  the  ‘instantaneous’  plasma  convection  pattern  and  for  studying  gravity 
wave  propagation. 

A  paper  entitled  “Joint  SABRE  and  Oblique  Sounder  Observations  for  Short  Term  Ionospheric 
Forecasting”  by  Cannon  et  al  (38)  was  the  second  paper  in  this  session.  In  this  presentation, 
results  from  a  series  of  experiments  employing  auroral  radars  and  oblique  ionospheric  sounders  were 
described.  The  idea  of  the  experiments  is  to  obtain  the  location  of  the  polar  cap  and  auroral  oval 
boundaries  in  real  time  so  that  this  information  can  be  used  in  physical  models  of  the  ionosphere. 
This  would  greatly  aid  ionospheric  prediction  at  high  latitudes. 

Dr.E.  Szuszczewicz  (39)  presented  a  paper  on  “Ionospheric  Measurements  from  a  Worldwide 
Chain  of  Stations.”  In  particular,  he  described  the  SUNDIAL  program,  which  is  a  coordinated 
observation  program  involving  70  ground-based  stations  coupled  with  an  extensive  modelling  effort. 
The  overall  goal  of  the  SUNDIAL  program  is  to  study  the  flow  of  energy  from  the  sun  to  the  earth’s 
upper  atmosphere  in  an  effort  to  develop  ionospheric  prediction  models. 

Paper  (40)  was  by  D.  Anderson  and  H.  Carlson,  entitled  “The  Effect  of  the  Ionosphere  on  Air 
Force  Systems.” 

A  paper  entitled  “North-South  Tropical  F2  Layer  Asymmetry  at  West  African  and  Pacific 
Longitudes”  was  presented  by  P.  Vila  et  al  (41).  In  this  presentation,  data  from  the  1986  equinox 
SUNDIAL  campaign  were  discussed  with  regard  to  Appleton  Anomaly  features.  The  intertropical 
fountain  and  Appleton  density  peaks  were  shown  and  discussed  in  relation  to  the  effects  ofExB 
drifts  and  neutral  wind  drag. 

H.  Sizun  et  al  (42)  talked  about  “Radio  Propagation  Conditions  Forecast  Above  a  Low  Latitude 
Region”  and  G.H.  Millman  et  al  (43)  presented  a  paper  entitled  “An  Ionospheric  Model  for  HF 
Sky-Wave  Backscatter  Radar.”  In  the  latter  paper,  it  was  noted  that  the  geographic  coordinates 
of  a  target  detected  by  a  line-of-sight  radar  can  be  derived  from  the  measurement  of  the  elevation 
and  azimuthal  angles  and  the  time  delay  (radar  range).  However,  the  determination  of  the  target 
location  requires  that  the  virtual  height  of  reflection  of  the  radar  transmissions  also  be  known.  An 
ionospheric  model  in  conjunction  with  a  locally  recorded  ionogram  can  be  employed  to  estimate 
the  virtual  height.  The  authors  then  described  a  relatively  simple  ionospheric  model  applicable  to 
the  HF  backscatter  radar  over-the-horizon  identification  problem. 

The  papet  by  Jeffrey  et  al  (44)  on  “Accurate  Measurements  of  the  Total  Angle  of  Arrival  of  HF 
Skywaves’  and  the  one  by  McNamara  (45)  on  “Ionospheric  Limitations  to  the  Accuracy  of  SSL 
Estimates  of  HF  Transmitter  Locations”  were  combined  into  a  single  oral  presentation  at  the  time 
of  the  meeting.  The  presentation  was  given  by  L.  McNamara.  He  discussed  the  Single  Station 
Location  (SSL)  approach  to  the  problem  of  locating  HF  transmitters.  He  noted  that  the  accuracy 
and  resolution  of  good  SSL  systems  are  now  such  that  the  major  errors  in  position  estimation  arise 
from  an  inadequate  knowledge  of  the  ionosphere  along  the  circuit.  Although  ionospheric  models 
are  currently  being  used,  further  theoretical  work  is  needed  to  improve  the  present  empirical  profile 
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shapes  and  to  introduce  more  realistic  horizontal  gradients  into  the  models.  He  also  si  c»»ed  the 
need  to  identify  sporadic  E  along  the  circuit. 

The  final  paper  in  the  session  was  by  Goutelard  et  al  (46),  entitled  “Influence  des  Variations 
Ionospheriques  sur  les  Systems  HF  a  Haute  Fiabilite  Utilisant  de  Grandes  Cases.” 
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So lar-terrestr ia I  relations  ;  flare  and  solar  wind  effects 
J.  Lema  ire 

Institute  for  Space  Aeronomy,  3  ave.  Circuiaire,  D-1 '6G  Bruxelles,  Belgium 

Abstract 

The  existence  of  Solar  Terrestrial  Relations  is  clearly  shown  during  solar  flare  events.  Luring 
these  catastrophic  events  the  enhanced  flux  of  XUV  solar  radiation  as  well  as  the  3udden  outburst  of 
energetic  solar  cosmic  ray  particles  induce  a  series  of  well  identified  effects  in  the  Earth’ s 
magnetic  field,  in  the  terrestrial  ionosphere  and  in  the  upper  atmosphere.  Those  geophysical  effects 
and  their  solar  origin  will  be  reviewed  in  the  first  part  of  this  article. 

Molar  activity  also  perturbs  the  distribution  of  plasma  and  magnetic  fields  in  the  corona  and  in 
the  interplanetary  medium.  It  produces  large-scale  (low  frequency)  and  small-scale  (high  frequency ) 
inhomogeneities  (perturbations)  are  produced  in  the  expanding  solar  wind  flow  which  then  interacts 
with  the  Earth's  magnetic  field.  The  resulting  variability  of  the  impinging  solar  wind  plasma 
triggers  additional  geophysical  effects  in  the  magnetosphere,  in  the  terrestrial  lonosphe:  e  and  :n 
the  upper  atmosphere,  ^ome  of  the  geophysi cal  consequences  of  this  non-stat ternary  interaction  or  the 
solar  wind  with  the  geomagnetic  field,  and,  of  impulsive  penetration  of  small  scale  solar  win!  plasma 
irregularities  into  the  magnetosphere  will  be  reviewed  ir.  the  second  parr,  of  this  article  (e.g.  polar 
cusp  fields,  currents,  ar.d  re  la  tec  ionospheric  irregular  i  ties'1 . 

1 .  Introduction  : 

First  evidence  that  the  Cun  is  not  i  chang- >ss,  immutable  light  and  neat  sour**;,  came  very  early 
from  the  observations  of  changing  spots  or.  trie  Sun's  surface.  Inese  sunspots  ip  pear  t.j  dove  _  it 
unforeseabie  places,  and  they  disappear  after  a  lifetime  varying  between  tw  ar.d  a  hundred  days.  To*1 
number  of  sunspot;  is  variable  over  a  period  roughly  equal  to  two  times  cloven  ye  »ra  :  trie  per.,-.:  f 
the  solar  activity  cycle,  (see  fig.  l ). 

That  the  Sun  is  changing  and  can  become  suddenly  very  active  over  per  in!.,  •••:  minutes,  war  ii-i  cove¬ 
red  in  1859  by  R.C.  Carrington  and  R.  Hodgson  wh^n  they  observed  for  the  first  time  wh.it  is  mow  Known 
as  a  ’’solar  flare”  ;  they  described  what  they  observed  in  the  midst,  of  a  .  arge  sunspot  group,  " two 
patches  of  intensely  bright  and  white  light.  wh;un  suddenly  break  out". 

2.  Solar  Flares 

Flares  are  the  most  dramatic  eruptions  which.  release  over  their  >hort  i~,  to  r r.inite.: 

a  total  energy  ranging  between  10C  ‘  ergs  «  in  the  case  of  subflares =  ml  :  'i'c  ergs  i*’  the  cas-.  i  a 
Flare  of  class  U.  Even  relatively  frequent  small  flares  expend  -in  uv/iint  energy  ~qu  *.vi  >•.*  t 
millions  of  hydrogen  bombs. 

The  rate  of  occurence  per  day  (E;  of  solar  eruptions  varies  ;*i  ;  base  with  the  re  I  »f.  i 
number  (R  ;  also  called  Wolf  number.:  : 

F.  -  C.O*  «Ld~'  j  .  Ref.  1  . 

One  of  the  most  studied  super  flares  is  that  if  November  1.?,  WfcO.  Most  recently  a  s-.ri.-s  f  six 
Urge  flares  was  observed  during  the  period  of  y-7  February  This  of  -  v  f-.gg.r-:  , 

very  intense  geomagnetic  storm  and  caused  disruptions  in  electric  powe"  1  in*-s  '.Refs,  v,  -  ’ . 

A)  Origin  or  flares  and  electromagnetic  radiation 

The  origin  of  solar  flares  regains  an  unresolved  physical  p-ebi-m  ;  n-.wever,  sin  .  '  ■  •  • 

intensities  are  always  high  (10  '  to  1  Tesla)  in  solar  flare  areas,  magnet  -*hy}rv.)yM  •:* ...  g- 
speculate  that  these  explosions  result  from  the  conversion  of  magnetic  energy  :n  t  «.  i;.o*.  i ' 

This  should,  in  principle,  occur  along  neutral  lines  or  at  neutral  points  where  the  e.ig’ro.  i .. 
intensity  reverses  direction  :  magnetic  field  lines  are  assumed  to  reconnect  [  :r  t.,>  merge  ,r  ■ 

places  ;  this  is  supposed  to  give  explosive  flare  events.  Most  of  these  Reconnect  ion  models,  ?,■ 
are  steady  state  or  quasi-steady  ;  induced  <  A.C. )  electric  fields  are  ignored  ir.  “st  v  .  •  «r.  "  ‘•re¬ 
models  for  these  highly  (non-stat ionary )  explosive  events!  Therefore  <-nt  can  but  w«vid»*r  wt- ,  .  ;  *  r- ... 
actual  relevance  of  current  reconnection  models  in  the  case  of  highly  non-st.ut  innar  y  hy  ir.i. ,  -  il 
30lar  flare  events.  But  other  physical  mechanisms  should  not  be  excluded  t>  explain  the  -.rig;-.  : 

solar  riares. 

It  is  Known  that  the  explosion  ol  energy  takes  place  in  the  chromosphere  ar.d  the  low  1 1t 
region  of  the  corona  where  the  temperature  increases  from  the  minimum  photospheric  value  *.  lo 

more  than  a  million  degree^  in  the  solar  corona  over  an  altitude  range  nf  ies3  than  i.u.-  K^.  f\.  ; 
the  solar  radlU3  :  6.9  x  10  m) . 

The  gigantic  energy  release  is  exported  by  a  brilliant  burst  of  visible  light.  iH-alph.’  and  <t 
electromagnetic  waves  ranging  from  X-rays  to  radio  waves,  by  ions  and  electrons  accelerated  to  nor..- 
than  half  the  speed  of  light,  and,  by  clouds  of  Ionized  gas  that  sweep  through  interplanetary  space 
at  700-800  km/s.  Recently,  the  study  of  high-energy  flares  has  been  greatly  advanced  by  spacecraft 
observation  of  gamma-ray  spectra  and  neutron  fluxes  (Ref.  25). 

The  30lar  X-ray,  like  the  solar  radio  emissions,  originate  from  both  thermal  and  non-thermal 
processes  that  take  place  primarily  in  the  solar  corona.  Non-thermal  X-ray  emissions  occur  mainly  at 
short  wavelengths  less  than  about  0.5  nm  corresponding  to  photon  energies  greater  than  2  keV  (Hef.  7, 
36).  Gamma  ray  line  observations  of  fluxes  from  SMM  and  Hinotorl  satellites  do  not  support  the 
two  phase  concept  of  solar  flare  development. 


Geophysical  effects  of  electromagnetic  radiation  of  solar  flares 


Among  the  roost  spectacular  geophysical  effects  produced  by  bursts  of  hard  X-rays  are  Sudden 
Ionospheric  Disturbances  (SID).  These  ionospneric  disturbances  are  observed  in  the  sunlit  hemisphere 
and  arise  simultaneously  with  visual  flare  observation  H- alpha.  The  geophysical  effects  result  from 
the  enhanced  ionization  of  the  E-  and  D-regions  of  the  terrestrial  ionosphere  (Hef.  36).  SIDs  and  the 
subsequent  recovery  of  the  ionosphere  have  a  time  duration  somewhat  longer  than  the  flare  duration  ; 
generally  from  a  few  minutes  to  an  hour,  with  more  rapid  rise  than  decay. 

Several  SID  observations  are  routinely  identified  and  digitized.  Let  us  just  mention  a  few  of  the 
most  important  of  them 

1)  Solar  Flare  Effects  (SFE),  or  Crochets,  are  observed  as  a  small  hook  on  magnetometer  records. 
They  are  caused  by  the  magnetic  field  response  to  increased  current  flow  in  the  E-region  due  to 
electron  density  enhancement  induced  by  flare  X-rays. 

2)  Short  Wave  Fadeouts  (SWF),  are  observed  from  signal  strength  records  of  shortwave  receivers  (  3 
to  30  MHz).  Signals  from  sweep-frequency  ior.o3ondes  may  be  completely  absorbed  as  a  consequence  cf 
the  enhancement  of  electron  density  induced  by  solar  flare  X-rays  in  the  D-region. 

3)  When  an  SID  occurs,  the  vertical  height  of  reflection  is  suddenly  lowered,  and  the  path  length 
shortens.  Ionospheric  disturbances  resulting  in  this  changed  path  length  are  known  as  Sudden  Phase 
Anomalies  (SPA). 

4)  Sudden  Enhancement  of  Atmospherics  (SEA),  are  observed  as  an  increase  in  signal  strength  on 
wideband  equipment  operated  to  detect  electromagnetic  emissions  from  lightning  at  frequencies  ranging 
between  JO  and  50  kHz 

There  are  also  other  types  of  SID's  and  geophysical  effects  produced  by  the  bursts  of  electro¬ 
magnetic  radiation  emitted  by  the  Sun  at  the  onset  of  flares.  A  comprehensive  list  of  these  effects 
is  given  for  example  in  the  Handbook  of  Correlative  Data  (Ref.2). 

C)  Corpuscular  radiations  emitted  by  flares  and  their  geophysical  effects 

1)  Solar  Energetic  Particles  (SEP) 

Significant  fluxes  of  electrons,  protons  and  multiply  charged  Ions  are  accelerated  at  the  Sun 
during  energetic  solar  flares.  Some  of  these  MeV  particles  are  subsequently  detected  within  the 
interplanetary  medium  and  in  the  Earth  magnetosphere. 

The  largest  flares  release  protons  and  heavy  ions  with  energies  up  to  10  GeV  l.e.  overlapping  in 
energy  with  the  galactic  cosmic  rays  (see  fig.  2).  The  heavy  metallic  ions  with  low  first  ionization 
potentials  have  been  found  to  be  relatively  more  abundant  in  the  streams  or  Solar  Energetic  Parti¬ 
cles,  compared  to  their  abundances  in  the  photosphere  (Ref.  3). 

The  penetration  of  these  energetic  particles  in  the  Earth’s  atmosphere  is  easiest  at  higher 
latitudes.  Meeting  weaker  resistance  from  the  geomagnetic  field  over  the  polar  caps  these  protons 
cra3h  into  the  atmosphere,  exp’oding  the  molecules  of  Oxygen  and  Nitrogen  that  they  hit  into  many 
energetic  shower  particles  which  reach  the  ground  over  a  wide  area. 

The  penetration  of  Solar  Energetic  Particles  (.SEP)  into  the  polar  cap  ionosphere  enhances  conside¬ 
rably  the  ionization  in  the  D-region.  Consequently  Solar  Proton  Events  (SPE)  are  marked  by  strong 
radio  absorption  which  is  observed  15  to  100  minutes  after  the  visual  flare  brightening.  These 
absorption  eventswhtch  are  called  Polar  Cap  Absorptions  (PCA),  may  persist  for  1  tc  6  days. 

By  timing  the  arrival  of  particles  of  different  speeds,  satellite  measurements  have  shown  that 
while  all  the  particles  have  been  produced  simultaneously  in  t.he  flare  and  have  travelled  the  same 
distance,  the  distance  covered  is  generally  much  larger  than  that  from  the  .Sun  to  the  Earth  ;  this 
suggests  a  roundabout  trajectory  resulting  from  numerous  "collisions”  of  the  part4-*1"*5  with  ir^eguid- 
rities  in  the  spiral  interplanetary  field  (pitch  angle  scattering). 

Both  the  intensity  and  spectrum  of  solar  cosmic  protons  and  heavy  ions  depend  on  the  relative 
position  of  the  Earth  and  the  flare  on  tie  Sun.  The  actual  amount  of  particles  bombarding  t.he 
magnetosphere  and  the  atmosphere  of  the  Earth  depends  therefore  on  the  interplanetary  conditions  at 
the  time  of  the  flare.  These  conditions  are,  however,  highly  variable  and  unpredictable.  This  effect 
mny  iead  to  a  variation  by  factors  as  large  as  100  in  the  observed  flux,  at  different  points  around 
the  orbit  of  Earth  from  the  same  flare  (Ref.  6). 

2)  Interplanetary  shock  waves 

SoLar  energetic  particles  can  reach  the  Magnetosphere  of  the  Earth  in  less  than  one  hour,  but  they 
do  not  contribute  much  to  the  thermal  plasma  density  forming  the  bulk  of  the  solar  corona  and  solar 
wind.  Within  one  or  two  days  after  a  burst  of  SEP,  particles  from  the  solar  plasma  begin  to  arrive  at 
the  edge  of  the  geo-magnetosphere  i.e.  at  the  magnetopause.  The  solar  wind  bulk  velocity  is  then 
enhanced  from  less  than  400  Ktn/s  (prevaling  during  quiet  solar  wind  conditions  and  in  interstream 
regions)  up  to  700-800  km/sec  in  the  post-  shock  plasma  ejected  out  of  the  corona  after  large  solar 
f  lares. 

When  such  a  shock  front  hits  the  magnetopause  the  dayside  region  of  the  magnetosphere  is 
"compressed".  The  sudden  impulse  (s.  i.)  or  the  storm  sudden  commencement  (ssc)  observed  in  magneto¬ 
grams  are  the  manifestation  at  ground  level  of  this  magnetospher ic  compression  due  to  the  enhanced 
solar  wind  pressure  (see  fig. 3). 

When  the  interplanetary  magnetic  field  is  directed  southward  at  the  time  of  this  interaction  the 
magnetic  perturbation  is  likely  to  develop  into  a  geomagnetic  storm  with  a  main  phase  and  a  recovery 
phase  lasting  for  several  hours  and  sometimes  longer  than  a  day. 

During  the  storm  sudden  commencement  phase,  the  mid  and  low  latitude  values  of  H  (the  horizontal 
component  of  the  geomagnetic  field)  are  simultaneously  increased  worldwide,  typically  by  a  few  tens 
of  nanoteslas  (gammas).  This  state  of  enhanced  H  may  persist  for  a  few  tens  of  minutes  during  the 
initial  phase.  During  the  following  main  phase  of  the  magnetic  storm,  H  is  depressed  below  its 
prestorm  value  typically  by  several  tens  to  a  few  hundred  nanoteslas  for  many  hours.  The  recovery 
phase,  or  return  to  prestorm  state,  usually  requires  a  few  days.  These  two  latter  phases  are  due  to 


the  great  enhancemer.*  and  gradual  decay  jf  a  large  scale  diamagnetic  ring  current  set  up  witnin  the 
magnetosphere. 

Because  of  their  eiatively  low  energy  (-  keV)  the  solar  wind  arotons  enter  preferent ia 1 ly  into 
tne  Magnetosphere  and  down  into  the  earth's  atmosphere  along  high  latitude  magnetic  field  lines.  The 
easiest  and  most  direct  access  for  solar  wind  particles  is  via  the  polar  cusps  which  are  formed  by 
all  magnetic  field  lir.es  parallel  to  the  magnetopause  or  traversing  it  (see  fig.M)  (Refs. 4, 5). 

The  whole  polar  are  also  invaded  by  the  thermal  solar  wind  proton  forming  there  what  has  been 

called  the  Polar  Rain  (Ref. 34).  The  polarity  of  the  interplanetary  magnetic  field  controls  very 
effectively  the  access  to  the  Northern  and  -Southern  polar  caps  (fief. 37). 

3-  Solar  wind  and  its  interaction  with  the  Earth 

Besides  geophysical  effects  triggered  from  time  to  time  by  emissions  of  solar  flare  radiation  and 
corpuscules,  as  recalled  in  the  previous  section,  there  is  a  whole  class  of  solar  terrestrial 
relationships  linked  to  the  existence  of  the  solar  wind  Interacting  with  the  Earth's  magnetic  field, 
even  in  absence  of  flare  events.  Indeed,  geomagnetic  storms  are  often  triggered  by  collisionless 
shocks  which  are  not  related  to  solar  fare  events,  but  which  are  caused  by  disappearing  filaments, 
coronal  holes  (Refs.  9*29)  or  other  unknown  or  yet  unclear  causes.  Furthermore,  as  a  consequence  of 
their  unfavorable  Location  on  the  solar  disk,  some  flares  do  not  produce  significant  effects  at  the 
Earth. 

A.  Origin  and  aodels  of  the  solar  wind 

The  existence  and  origin  of  the  solar  wind  can  be  explained  from  different  alternative  points  of 
view.  In  Append'*  1  we  have  followed  the  approach  of  kinetic  theory  which  shews  more  explicitly  and 
directly  than  any  fluid  approach  why  protons  are  accelerated  out  of  the  3oiar  gravitational  potential 
and  why  they  obtain  supersonic  velocities  at  large  heliocentric  distances. 

It  is  now  will  established  that  in  the  solar  wind,  there  are  two  flow  regimes  :  £i;  high  speed 
streams  separated  by  regions  where  the  bulk  velocity  is  smaller  than  400  Km/s,  and,  where  the  density 
i3  comparatively  large  ;  (ii)  the  interstream  slow  solar  wind  which  is  mainly  observed  at  boundaries 
of  magnetic  sectors  and  in  vicinity  of  magnetic  neutral  sheets. 

High  speed  streams  are  observed  on  both  sides  of  interplanetary  current  sheets  and  IMF  sector 
boundaries.  They  originate  in  regions  of  the  solar  corona  where  the  plasma  density  and  temperature 
are  significantly  depressed,  and,  where  the  magnetic  field  lines  are  "open",  i.e.  extend  from  the  Sun 
far  out  beyond  the  orbit  of  the  Earth  ;  these  low  temperature  regions  appear  darker  in  X-Ray  images 
of  the  corona  and  are  called  coronal  holes. 

Among  the  many  surprising  features  observed  in  fast,  streams  is  the  unexpected  presence  of  narrow 
field  aligned  beams  of  suprathermal  electrons  which  have  been  called  "strahl  electrons"  (Ref.  19). 
These  "strahl  electrons"  form  a  peculiar  subpopulation  besides  the  "core"  and  "halo"  electrons  which 
are  observed  in  slow  solar  wind  regimes  (Ref. 39).  The  origin  of  "strahl  electrons"  is  still  unknown  ! 

The  heavy  ion  abundances  and  temperatures  also  differ  significantly  in  the  two  flow  solar  wind 
regimes  (Ref. 40).  Many  of  these  peculiarities  remain  unexplained  and  cannot  be  accounted  for  by 
current  hydrodyr.amical  models  unless  some  ad  hoc  assumption  is  invoked  to  make  them  work  and  fit  the 
observations.  Ad  hoc  intensities  of  MHO  waves  and  their  expected  dissipation  in  the  Chromosphere  and 
Corona  up  to  10  R..,  is  the  '  Deus  ex  machina'  usually  invoked  ! 

B.  Interaction  of  the  30lar  wind  and  aagnetosphere 

Most  large-scale  solar  wind  models  are  based  on  simplifying  assumptions  such  as  :  (  i)  stationary 
flow  and  (ii)  the  absence  of  small  scale  plasma  irregularities  i.e.  near  uniformity  of  the  plasma. 
Dozens  of  models  for  slow  solar  wind  and  high  speed  streams  are  based  on  these  two  easy  and 
convenient  assumptions.  For  more  than  two  decades  this  has  lead  other  theoret icians  to  consider  that 
the  interaction  between  the  solar  wind  and  the  geomagnetic  field  could  satisfactorily  be  described  as 
a  stationary  or  quasi-steady-state  interaction.  Tens  of  magnet.ospher ic  models  produced  since  I  960  are 
indeed  oased  on  these  easy  and  convenient  assumptions  i.e.  (i)  stationary  flow  and  (ii)  uniformity  of 
the  flow  impinging  on  the  magnetopause  surface. 

The  deflection  of  a  stationary  laminar  solar  wind  flow  around  the  terrestrial  magnetic  obstacle 
can  to  3ome  extent  be  simulated  in  the  Laboratory  ;  when  a  neutral  plasma  stream,  drifting  across 
magnetic  field  lines,  with  a  velocity  E  x  B/B  ,  penetrates  into  the  region  of  higher  magnetic  field 
intensity  B,  the  component  of  its  bulk  velocity  parallel  to  the  gradient  of  B  is  reduced 
ad iabatically.  Indeed  as  a  result  of  conservation  of  magnetic  moment,  the  translation  kinetic  energy 
of  all  drifting  charged  particles  is  adiabatJcal ly  converted  into  gyromotion.  This  leads  to  specular 
reflection  of  the  particles  against  the  iictive  surface  of  the  magnetosphere.  The  adiabatic 
deceleration  of  plasma  streams  in  regions  with  increasing  magnetic  field  intensity  has  been  first 
proposed  by  Chapman  and  Ferraro  (Ref. 44)  and  demonstrated  experimentally  in  the  laboratory  by 
Bemidenko  et  al.  (Ref.  45)  (see  also  Ref. 23  and  references  therein). 

Closed  and  open  steady  state  model3  of  the  magnetosphere,  like  those  schematically  illustrated  in 
fig.ba,  have  had  their  supporters  for  a  iong  time.  None  of  these  stationary  interaction  models  has, 
however,  been  able  to  account  for  all  observations  collected  from  space  as  well  as  from  modern 
groune-h^sed  geophysical  stations. 

It  wa3  in  1976,  at  a  meeting  in  Amsterdam,  that  the  idea  of  non-  stationary  and  patchy  interaction 
of  solar  wind  with  the  magnetosphere  was  emphasized,  probably  for  the  first  time  (see  Refs.  20  and 

21  ). 

The  Interaction  model  put  forward  in  Ref. 20,  assumed  that  small  scale  eddies  are  formed  by  MHD 
instabilities  at  "funnel-shaped  identations"  along  the  magnetopause  surface.  According  to  the  other 
non-steady  state  Interaction  model  proposed  In  Ref. 21  the  observed  small  scale  plasma  irregular ities 
are  not  necessarily  produced  locally  in  the  magnetopause  region  :  It  was  argued  that  there  are 
already  plenty  of  such  plasma  irregular ities  in  the  non-uniform  solar  wind  rushing  into  the 
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geomagnetic  field  ;  the  densest  of  thes-  plasma  elements  or  plasmoids  are  able  to  penetrate  deeper 
into  the  magnetosphere  than  those  witn  lower  momentum  flux  density  (Refs.  21  ,  22,  2 \) .  This  second 
scenario,  illustrated  in  fig. Ob,  is  now  known  as  the  Impulsive  Penetration  (IP)  theory  of  solar  wind 
plasma  density  into  the  magnetosphere. 

From  high  resolution  interplanetary  magnetic  field  measurements  it  was  clear  already  in  the  bO' 3 
that  the  solar  wind  is  non-stat ionary  and  non-uniform  most  of  the  time  over  periods  as  snort  as  6 
seconds  or  distances  of  2000  km  (i.e.  a  few  mean  proton  gyroradii;.  High  resolution  plasma 
measurements  in  the  solar  wind  now  available  have  confirmed  this  expectation  inferred  in  197b  from 
high  resolution  IMF  observations. 

Since  the  solar  wind  plasma  is  patchy,  its  momentum  flux  density  over  the  surface  of  the 
magnetopause  is  neither  uniform,  nor  stationary.  Time  dependent  and  non-uniform  boundary  conditions 
imposed  from  the  outside  by  the  variable  and  patchy  solar  wind,  force  the  magnetospher ic  pLasma, 
electric  and  magnetic  fields  to  be  non-stat ionary  over  periods  of  time  of  seconds. 

This  implies  that  the  interaction  between  the  solar  wind  and  the  geomagnetic  field  can  not  be 
described  in  the  framework  of  D.C.  electromagnetic  field  theory  (i.e.  the  magnetostatic  and 
electrostatic  theory).  The  rapidly  changing  solar  wind  imposes  a  non-stationary  description  for  this 
interaction  :  in  other  words  A.C.  electromagnetic  effects  have  to  be  taken  into  account  as  claimed  in 
Refs.  42,  43.  This  conclusion  is  similar  to  that  reached  in  5  2A  concerning  the  relevance  of 
stationary  reconnection  models  used  to  describe  highly  non-stat ionary  explosive  flare  events. 

The  Impulsive  Penetration  Model  briefly  described  in  Refs.  21,  22  and  23,  Delongs  to  this  second 
category.  When  diamagnetic  solar  wind  plasma  irregular ities  "rain”  into  the  magnetosphere,  like 
droplets  into  a  water  pound,  they  perturb  not  only  the  local  plasma  density,  the  ambiant  temperature 
and  ion  composition,  but,  they  also  change  continuously  the  local  magnetic  field  intensity  and  its 
direction  ;  they  perturb  the  local  electric  field,  as  a  consequence  of  their  relative  motion  witr, 
respect  to  the  background  magnetospher ic  plasma. 

If  A.C,  electromagnetic  effects  are  essential  in  the  study  of  solar  wind-magnetosph^re  interaction 
models,  they  cannot  be  described  in  the  framework  of  slowly  varying  D.C.  magnetostatic  field  line 
distributions  like  those  generally  used  to  sketch  the  topology  of  the  magnetosphere  or  or  Flux 
Transfer  Events. 

C.  Geophysical  effects  resulting  from  impulsive  penetration  of  plasatoids  in  the  geomagnetic  field 

Intrusion  of  the  most  impulsive  diamagnetic  plasma  blobs  is  controlled  by  the  orientation  of  the 
interplanetary  magnetic  field.  This  is  a  consequence  of  the  dipole-dipole  interaction  between  the 
magnetic  moment  of  the  entering  plasmoids  and  the  magnetic  moment  of  the  Earth  (Refs.  22,  23,  41). 

Furthermore,  while  they  are  oonvected  across  magnet  ic2f ie Id  lines  in  the  magnetosheath  and  in  the 
magnetosphere  with  an  injection  drift  velocity,  E  x  B/B  *  V,  the  particles  forming  £he  penetrating 
plasmoids  are  eventually  slowed  down  ;  their  injection  ( translat  io.nal)  energy,  1/2  mV  ’ ,  converted 
into  enhanced  gyro-motion  because  of  conservation  of  their  magnetic  moment,  u  m  /’/2B.  Their 
penetration  velocity,  V,  as  well  as  E,  the  convection  electric  field  inside  the  plasmoids,  eventually 
vanish  when  they  have  reached  a  place  where  the  local  magnetic  field  intensity  B  is  such  that  all 
their  translational  energy  has  been  transferred  adiabatically  into  thermal  motion  perpendicular  to 
the  magnetic  field  direction  (Ref.  23). 

In  addition  to  this  adiabatic  braking  or  slowing  down  of  all  particles  forming  the  invading 
plasmoids,  non-adiabatic  ( irreversible}  dissipation  of  the  injection  energy  takes  place  via  Ohmic 
(Joule)  heating  in  the  dayside  Cusp  or  Cleft  Ionosphere  (Ref.  21). 

This  distant  energy  dissipation  heats  the  plasma  at  the  low  altitude  feet  of  all  the 
magnetospher  ic  fieid  lines  which  are  crossed  by  penetrating  plasma  irregular ities.  This  ionospheric 
heating  of  the  plasma  in  the  dayside  clefts  has  been  observed  and  is  discussed  in  Refs.  (30,  3b). 
This  is  one  of  the  clearly  identified  geophysical  effects  resulting  from  the  solar  wind-magnetosphere 
interaction. 

Another  geophysical  consequence  of  Impulsive  Penetration  theory  is  the  transfer  of  momentum  to  the 
ionospheric  plasma  in  the  high  latitude  trough  regions  and  also  to  the  magnetospher  ic  plasma  flowing 
around  intruding  plasmoids.  This  is  rather  analogous  to  the  flow  of  any  fluid  along  the  surface  of  a 
penetrating  object  (Ref.  22,  21).  The  resulting  poleward  ionospheric  motions  have  been  identified  and 
discussed  in  Refs.  31  ,  32  and  33- 

The  field-aligned  propagation  and  dispersion  of  the  ions  and  electrons  forming  the  intruding 
plasmoids  have  also  been  observed  and  reported  in  Ref.  b.  The  description  given  for  these 
magnetosheath  particle  injection  observed  in  the  dayside  cleft  fits  nicely  in  the  Impulsive  Penetra¬ 
tion  scenario.  They  form  an  additional  class  of  geophysical  phenomena  which  are  consequences  of  the 
non-stat ionary  interaction  between  the  solar  wind  and  the  Earth's  magnetosphere  illustrated  in  fig. 
5b. 

Other  geophysical  effects  1  >>e  field-aligned  current  systems  and  non-steudy  state  convection  flow 
patterns  observed  in  the  polar  caps  can  be  interpreted  in  terms  of  the  theory  of  Impulsive  Penetra¬ 
tion  or  solar  wind  plasma  irregular ities  in  the  magnetospher ic  tail  lobes,  when  the  Interplanetary 
Magnetic  Field  has  a  Northward  component.  These  N8Z  effects  are  described  in  Ref.  4i  . 

There  are  many  more  geophysical  effects  which  are  linked  directly  or  indirectly  to  solar  wind 
conditions  and  to  their  time  variations  (see  for  instance  Ref.24).  For  up  to  date  and  coroprehensi ve 
reviews,  see  for  instance  Refs.  26,  27  and  28.  All  these  phenomena  are  part  of  the  wide  ensemble  of 
solar-terrestria 1  relationships.  Some  of  these  additional  solar-terrestrial  relationships  are 
discussed  in  the  next  article  and  in  other  papers  in  these  proceedings. 

4.  Conclusions 


Let  us  conclude  this  necessarily  incomplete  review  of  solar-terrestr ial  relationships  by  emphasi¬ 
zing  how  much  the  Sun-Earth  system  is  a  floppy  coupled  physical  system.  The  links  are  basically 
electromagnetic  and  corpuscular  radiation  at  all  wavelengths  and  at  all  energies.  The  intensity  of 
these  different  fields  of  radiation  are  not  only  variable  over  periods  comparable  to  the  11  years 
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solar  cycle,  but  they  also  change  drastically  over  time  scales  of  minutes  and  even  seconds. 

A  lesson  of  this  scientific  endeavour  could  then  be  :  although  the  assumptions  of  stationary  and 
uniform  flow  have  always  been  tempting  and  convenient  for  traditional  modelers,  these  easy 
assumptions  happen  rarely  to  be  applicable  to  the  ever  changing  Sun,  Solar  Wind,  Magnetosphere, 
Ionosphere,  Upper  Atmosphere  ...  and,  of  course,  Solar  Flares,  Flux  Transfer  Events,  or  Magnetic 
Substorms. 
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Appendix  ) 

Kinetic  theory  of  solar  wind  acceleration  in  brief 
for  slow  and  fast  speed  streams 

As  first  pointed  out  by  Chamberlain  (Ref.1l)  the  Coulomb  collision  mean  free  path  of  thermal 
coronal  protons  become  larger  than  the  characteristic  density  scale  height,  beyond  a  radial  distance 
of  3  to  6  solar  radii,  depending  on  the  energy  of  the  colliding  charged  particles. 

Beyond  this  radial  distance,  called  the  exobase  level,  the  protons  as  well  as  the  electrons  can  be 
considered  to  be  collisionless  (non-interacting  ;  at  least  in  a  zero-order  aprox imat ion)  :  their 
Knudsen  number  is  larger  than  unity  in  the  coronal  ion-exosphere  above  the  exobase. 

All  electrons  and  protons  with  velocities  larger  than  the  gravitat ional  escape  velocity  127b 
km/sec  at  5  R0),  can  in  principle  evaporate  out  of  the  gravitational  potential  well,  assuming  that 
collisions  can  be  neglected  in  the  ion*exosphere.  But  since  the  thermal  speed  is  /m  times  larger 
for  the  electrons  than  for  the  protons,  the  net  escape  flux  should  be  42  time£  larger  for  tn*3 
electrons  than  for  tne  protons.  This  draws  a  huge  negative  polarization  current  out  of  the  solar- 
corona.  'tne  positive  polarization  charge  density  acquired  by  the  corona  sets  up  a  ."barge  sep^rat i<ri 
electric  field  and  an  overall  negative  electrostatic  potential  difterhno*  between  the  exobase  and 
infinity  :  the  plasma  becomes  polarized  as  a  result  of  the  tendency  for  the  electrons  to  escape 
at  a  higher  rate  than  the  heavier  thermal  ions. 

The  electric  potential  difference  decelerates  the  electrons  and  reduces  the  number  of  them  which 
are  able  to  escape  out  of  the  gravitational  plus  electrostatic  potential  well.  Tnis  electric 
potential  difference  accelerates  the  protons  outward,  thus  increasing  their  net  escape  flux  ana  their 
kinetic  energy. 

It  has  been  shown  (Ref. 12,  38)  that  the  equilibrium  value  of  this  electric  potential  difference 
adjusts  itself  to  obtain  escape  fluxes  which  are  equal  fir  the  retarded  electrons  and  for-  the 
accelerated  ions.  Since,  for  tne  protons,  the  equilibrium  value  +of  the  accelerating  electrostatic 
force  largely  exceeds  their  decelerating  gravitational  force,  all  H  -ions  are  drawn  out  of  the  coroi.a 
and  obtain  supersonic  velocities  at  large  heliocentric  distances,  as  indeed,  is  observed  at  l  AU. 

It  has  been  indicated  in  Ref.  i3  that  Chamberlain  al3r>  would  have  been  able  to  predict  the 
observed  supersonic  proton  bulk  speed  at  i  AU,  instead  wf  a  subsonic  solar  breeze,  if  he  had  uj**q  in 
1961  the  electric  potential  distribution  described  above,  Instead  of  using  the  standard  Pa r.r.ek  :ew 
(Ref. 17)  -  Rosseland  (Ref.13)  electric  field  which  is  strictly  applicable  jr.ly  when  a  plasma  is  in 
hydrostatic  equilibrium  in  the  gravitational  field. 

The  exospheric  potential  difference  for  which  the  net  electron  flux  ba  ii.nves  tr.e  net  e  : 
flux  is  equal  to  -  700  Volts  when  exobase  temperature  of  the  electrons  ur.d  protons  arv  equal  t  1  .  <*  x 
10  K  (Ref.  12).  When  the  coronal  exobase  temperature  is  larger  than  this  typical  value  a  larg-- 
electrostatic  potential  sets  up  r. j  maintain  net  zero  electric  current  ;  consequently  for  i  irgu-f 
coronal  exobase  temperatures,  larger  proton  bulk  velocities  are  expected  at  ■  AU.  as  well  higher 

plasma  temperatures  (Ref.  12). 

The  positive  correlation  between  solar  wind  temperatures  »*vi  bulk  velucit ie«  whim  is  predict*.*::  !y 
this  Simple  kinetic  theory  fits  nicely  the  observations  (Refs.  14,  ’  i '  in  lew  speed  solar  wind 
regions  (i.e.  where  the  measured  bulk  speed  is  smaller  than  400  xtr./seo'  (see  Ref.  15;. 

In  high  speed  solar  wind  streams,  originating  in  low  density,  .  w  -«mpe*r  iture  v-vsnal  h 

however,  quite  the  opposite  result  has  been  found.  This  io*1io:it..»r,  t'n»t  present  so’.-i'  w in  1  the.. r :*•■;■ 
and  models,  including  the  MH U  or  fluid  models,  fail  to  give  the  x-.:-oryv.:  s  ia:-  wind  f**.it  ires  in  flow 
regimes  where  bulk  speeds  are  larger  than  400-500  km/s. 

We  have  recently  been  able  to  show  (Ref.  16),  however,  that  the  presence  *■>:'  »n  uT’.it:  r.al  ■■  ifwar-d 
flux  of  supratherma l  electrons,  besides  the  thermal  escape  flux  of  1  w  temper at :re  ccroril  h:le 
electrons,  increases  the  equ i L ibrium  value  of  the  negative  electrostatic  potential  differ.. race  between 
the  corona  and  infinity.  This  enhancement  of  the  electric  potential  accelerates  the  ■" ;  :• 

protons  up  to  a  bulk  velocity  of  600-700  Km/s. 

The  "strahl  electrons”  mainly  observed  m  low  density  high  speed  solar  wind  regions  ,Ref.  , 

constitutes  ar.  additional  subpopulat  i'n  of  supratherma  1  electrons.  We  have  •  ale  listed  tnat  tne  flux 

>f  supratherma  1  "strahl  electrons”  is  indeed  iarge  enough  compared  to  the  escape  flux  of  tne  o’.>rur.ii 
nolo  thermal  electrons  t  •  increase  tne  solar  proton  speed  up  to  600-7U-)  vm/s  i.e.  up  *•:  tn«-  v  i !.;.*« 
observed  in  high  speed  solar  wind  streams. 

Similar  high-speed  solar  wind  velocities  can  only  be  obtained  in  modern  Mill-  -;r  mu  It  i -f  iu  id  m.  -icln 
when  ad  hoc  heating  of  the  solar  wind  is  assumed  between  the  and  ’0  Rn.  It  is  not  yet  leir, 
however,  where  this  .additional  energy  should  cone  from,  and,  how  jt  .-ould  new  d  pate  i  at  *  nr  right 
place  in  the  coronal  plasma. 

further  details  on  this  new  explanation  of  fast  speed  s.-vlar  win  1  streams  w-.i  ■•*■  puM ;  >h***i 
>:*  ise  where. 


FLUX  INTEGRAL  <J>  (>£)  (particles  cm' 


-10 


Fig.  3  :  A  magnetic  storm  detected  by  the  variation  of  north -south 
component  of  the  magnetic  field  at  six  different  magnetic 
observatories  around  the  world.  The  "sudden  commencement"  and 
following  sustained  nigh  fieLd  intensity  results  from  trie 
compression  of  the  magnetosphere  by  an  enhanced  solar  wind  flow  ; 
the  pronounced  decrease  during  the  "main  phase"  is  produced  by 
the  storm  nr.g  current  that  develops  ir.  the  inner  magnetosphere. 
Differences  among  stations  are  mainly  due  to  longitudinal  and 
local-time  variations  of  the  storm  effects,  (after  Ref.  36) 
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DISCUSSION 


G.  W.Prolss 

Could  W)ii  pleas#*  comment  on  possible  acceleration  mechanisms  in  coronal  holes? 

Author’s  Reply 

Tsing  the  solar  wind  kinetic  theory  of  Lemairt  and  Scherrr  [1971]  one  can  roughly  account  for  the  bulk  ii 
density  observed  in  slow  speed  solar  wind  regions.  By  adding  an  escape  flux  of  su  prat  hernial  “strahT  electrons  to 
the  escaping  halo  electrons  one  can  increase  the  electrostatic  potential  between  the  corona  and  infinity,  as  indicated 
in  the  Appendix  of  my  paper  (ir  the***  proc^wtings);  the  larger  electrostatic  potential  accelerates  the  ions  to  higher 
supersonic  velocities  like  those  observed  in  fast  speed  solar  wind  streams.  The  fact  that  the  “strahT  electrons  are 
almost  exclusively  observed  in  fast  speed  streams  supports  well  this  mechanism  which  1  have  proposed  to  explain  the 
large  solar  wind  velocities  in  fast  speed  streams.  This  explanation  is  based  on  simple  kinetic  theory.  It  does  not  involve 
extra  (ail  hoc)  heat  deposition  of  wave  energy  in  the  corona  between  2  and  10  solar  ladii  as  would  be  needed  in  current 
hydrodynamical  models  to  achieve  the  same  high  solar  wind  velocities  at  1  AT- 
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Abstract:  It  is  now  well  known  that  perturbations  of  the  high  latitude  ionosphere  are 

regulated  by  the  properties  of  the  solar  wind  and  the  interplanetary  magnetic  field. 
Variations  in  the  direction  of  the  interplanetary  magnetic  field  lead  to  episodes  normally 
lasting  for  a  few  minutes  to  a  few  hours  in  which  large  amounts  of  solar  wind  energy 
penetrate  into  the  distant  magnetosphere.  Th^s  energy  is  stored  in  an  intermediary* form 
in  the  magnetotail  magnetic  field  and  in  the  kinetic  drift  energy  of  the  earth's  boundary 
layers  and  plasma  sheet  before  it  is  ultimately  degraded  to  heat  through  the  action  of 
electric  current  systems  which  couple  the  magnetosphere  to  the  ionosphere.  In  this  paper 
we  shall  discuss  the  physical  processes  through  which  the  solar  wind  energy,  once  it  has 
entered  the  magnetosphere,  is  redistributed  and  dissipated  through  the  process  known  as 
the  magnetospheric  substorm.  Based  on  the  nature  of  the  physical  processes  involved,  wc 
shall  discuss  the  possibility  of  being  able  to  predict  the  locale  and  level  of  the  high 
latitude  ionospheric  perturbations  which  result  from  the  action  of  the  precipitation  of 
energetic  particles  into  the  upper  atmosphere  as  part  of  the  electromagnetic  coupling  of 
the  outer  magnetosphere  to  the  ionosphere. 


INTRODUCTION 

It  is  now  well  recognized  that  solar  wind  particles  are  able  to  penetrate  across 
the  magnetopause  and  populate  the  boundary  layers  of  the  magnetosphere  (Eastman  et  al., 
1985)1  as  shown  in  Figure  1.  The  kinetic  drift  energy  of  the  boundary  layer  plasma  ultim¬ 
ately  is  redistributed  through  wave-particle  interactions  and  through  the  action  of 
mgnetohydrodynarnic  (MHD)  generator  processes  to  heat  a  portion  of  the  magnetospheric 
particle  population  and  to  drive  the  electric  current  systems  which  couple  the  magneto¬ 
sphere  to  the  ionosphere  where  energy  is  ultimately  degraded  to  heat. 

The  entry  of  the  solar  wind  plasma  seems  to  be  effected  through  two  apparently 
different  physical  mechanisms.  The  first  of  these,  termed  the  viscous  interaction  in¬ 
volves  wave  action  at  the  magnetopause  which  results  in  the  transfer  of  momentum  (Miura, 
1984) -’or  both  momentum  and  mass  across  the  magnetopause.  This  class  of  entry  mcchamsrr, 
also  is  characteristic  of  the  impulsive  transport  theories  proposed  by  Heikkila  (1982) 
and  by  Lemaire  (1985)'*  .  The  second  class  of  entry  mechanism  has  been  termed  magnet  ic 
field  Line  reconnection  (Vasyliunas,  1975)’  and  involves  interconnection  of  solar  wind  and 
nagrietospRer Ic  field"  Tines.  The  merged  field  lines  subsequently  reconnect  across  the 
magnetotail  neutral  sheet  (Coroniti,  1985)*  and  ultimately  convect  Earthward  within  the 
central  plasma  sheet  (CPS).  It  is  generally  felt  that  the  viscous  interaction  is  respon¬ 
sible  for  the  formation  of  the  low  latitude  boundary  layer  ( LLBL)  found  at  the  flanks  of 
the  magnetosphere  centered  at  the  midplane,  while  the  reconnection  is  thought  to  be 
responsible  for  the  formation  of  the  plasma  mantle  located  in  the  high  latitude  magneto- 
tail  between  the  magnetopause  and  the  tail  lobe.  While  there  is  at  present  no  reason  to 
believe  that  the  viscous  interaction  is  modulated  by  the  direction  of  the  interplanetary 
magnetic  field  (IMF),  the  reconnection  rate  clearly  depends  on  the  magnitude  and  direction 
of  the  IMF.  Since  the  geomagnetic  activity  level  in  the  magnetosphere  has  been  demon¬ 
strated  to  depend  on  the  polarity  of  the  north-south  (Bz)  component  of  the  IMF  (Rostoker 
and  Falthammar,  1967)?in  a  manner  predicted  by  reconnection  theory  (Dungey,  1961),  this 
has  led  to  a  general  concensus  that  reconnection  dominates  the  viscous  interaction  in 
terms  of  their  respective  contributions  to  the  entry  of  the  solar  wind  energy  which  is 
required  to  account  for  the  observed  energy  dissipation  in  the  auroral  oval.  In  this 
respect,  Baumjohann  and  Haerendel  (1986)9 suggest  that  reconnection  processes  are  respon¬ 
sible  for  '90*  of  the  energy  needed  to  power  auroral  processes.  Further  evidence  for  this 
approximate  ratio  between  the  contributions  from  reconnection  processes  and  those  from  the 
viscous  interaction  come  from  the  observations  of  Wygant  et  al .  (1983)  who  t ind  that 
during  episodes  of  northward  interplanetary  field,  there  is  a  constant  cross  polar  cap 
potential  drop  of  '2U  kV,  while  with  increasing  southward  IMF  there  is  an  increasing  cross 
polar  cap  potential  drop  ranging  up  to  values  of  100  -  150  kV  (Figure  2).  A  discussion  of 
the  relative  contributions  of  the  reconnection  process  and  the  viscous  interaction  can  be 
found  in  Rostoker  (1987a)1 

If  one  is  to  be  able  to  predict  episodes  of  time  during  which  the  high  latitude 
ionosphere  is  disrupted  insofar  as  transmission  of  information  is  concerned,  one  must  have 
information  about  the  plasma  and  field  parameters  of  the  interplanetary  medium  and  how 
variations  in  those  parameters  influence  the  energy  flow  and  dissipation  in  the 
magnetosphere-ionosphere  system.  Our  understanding  of  the  physics  of  this  energy  transport 
and  dissipation  comes  largely  from  comparing  the  signatures  of  energy  dissipation  in  the 
ionosphere  to  changes  in  the  incoming  solar  wind.  The  signature  of  activity  most  often  re¬ 
ferred  to  nowadays  in  any  serious  correlation  studies  is  the  auroral  electrojet  or  AE 
index.  This  index  is  obtained  from  the  variations  in  the  north-south  component  of  the 
magnetic  field  perturbations  measured  at  auroral  zone  sites  distributed  in  a  relatively 
uniform  fashion  around  the  northern  hemisphere.  Figure  3  shows  a  typical  daily  record  of 


Figure  1  The  particle  and  magnetic  field  regimes  of  the  Earth's  magnetosphere.  The 

boundary  layers  are  the  site  of  anti-earthward  flowing  plasma  which  penetrates 
across  the  magnetopause  from  the  magnetosheath  while  the  plasma  sheet  is  the 
site  of  earthward  flowing  warm  plasma.  The  plasma  sheet  boundary  layer  at  the 
high  latitude  edge  of  the  (central)  plasma  sheet  maps  to  the  high  latitude 
ionosphere  where  dynamic  auroral  activity  is  found. 
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Figure  2  Response  of  the  cross  polar  cap  potential  drop  to  the  interplanetary  electric 

field  (after  Cowley,  1984 tz).  episodes  of  northward  IMF  (positive  vB2)  feature 
potential  drops  of  10  -  40  kV  which  don't  vary  noticeably  with  the  magnitude  of 
vBz.  When  the  IMF  is  southward  (negative  vBz)  the  cross  polar  cap  potential 
drop  increases  with  increasing  magnitude  of  vBz. 
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Figure  3  Record  of  the  level  of  the  auroral  oval  geomagnetic  activity  :.s  quantified  by 
the  auroral  electrojet  (AE)  index  and  the  AU  (maximum  positive  north-south 
component  of  the  perturbation  field)  and  AL  (maximum  negative  north-south 
component  of  the  perturbation  field)  indices  vy.j.ch,  together,  make  up  AE. 
Substorm  activity  is  clearly  visible  in  the  intervals  0000-0300  UT  and 
0730-1700  UT.  The  reader  is  referred  to  Rostoker  (1972) *  ^  for  the  method 
of  computation  of  the  indices. 


AE  (together  with  the  AU  and  Ac,  indices  which  combine  together  to  form  AE) .  From  this 
record,  it  is  evident  that  fluctuations  occur  with  many  different  time  scales  and  over  a 
large  range  of  magni elides.  The  largest  perturbations  seen  on  these  records  reflect  a 
class  of  activity  which  has  been  given  the  name  magnetospher ic  substorm.  Anyone  who 
wishes  to  Sf-jy  and  predict  ionospheric  disruption  at  high  latitudes  ends  up  having  to 
deal  with  the  influence  of  substorm  activity,  given  its  importance  in  the  realm  of 
energy  dissipation  in  the  ionosphere,  it  is  perhaps  surprising  to  realize  that  most 
lesearchers  can't  even  agree  on  the  definition  of  this  disturbance.  For  that  reason, 
before  launching  into  a  description  of  the  physics  of  substorms,  we  must  first  provide  a 
working  definition  of  a  substorm.  In  the  next  section  we  shall  attempt  to  provide  such 
a  definition  and  to  describe  the  characteristics  of  a  substorm  insofar  as  its  ionospheric 
and  auroral  signatures  are  concerned. 

MAGNETOSPHERIC  SUBSTORMS 

One  of  the  first  manifestations  of  solar-terrestrial  interaction  which  attracted  the 
attention  of  scientists  was  unexpected  deflections  of  compass  needles  at  high  latitude 
and  their  correlation  with  displays  of  brilliant  and  dynamic  auroras  as  noted  by 
A.  Celsius  in  1741.  The  magnetic  perturbations  associated  with  auroral  outbursts  as  seen 
at  a  single  auroral  zone  site  were  termed  bays,  and  the  perturbations  could  be  seen  in 
the  north-south  (H)  component,  the  east-west  Td)  component  or  the  vertical  (7)  component 
of  the  perturbation  field  or  simultaneously  in  any  combination  of  these  components.  From 
the  time  of  the  International  Geophysical  Year  around  1958,  researchers  began  to  piece 
together  the  patterns  visible  in  the  variability  of  magnetic  signatures  from  station  to 
station  and  in  the  patterns  of  auroral  activity  accompanying  the  magnetic  variations. 

The  first  major  breakthrough  was  the  recognition  that,  at  any  instant,  the  auroras  were 
arrayed  around  the  world  latitudinally  confined  belts  centered  near  the  geomagnetic  poles 
(Feldstein,  1963  )I<*.  These  belts  were  called  the  auroral  ovals  and  were  ultimately  acknow¬ 
ledged  to  represent  the  projection  on  the  ionosphere  of  the  magnetotail  plasma  sheet 
(cf.  Figure  1).  For  the  next  several  years,  attention  focussed  on  relatively  rapid 
spatially  localized  changes  in  the  luminosity  of  the  belts  of  auroras  rather  than  on  the 
belts  in  a  global  sense.  Out  of  the  studies  in  the  early  1960'j  came  the  concept  and 
definition  of  a  substorm.  The  original  term  applied  to  auroral  variations  as  introduced 
by  Akasofu  (1964)'-  ',  and  involved  the  briuh^onina  of  a  pre-existing  discrete  auroral  arc  in 
the  midnight  sector  of  the  auroral  oval.  The  disturbed  region  expanded  poleward  on  a  time 
scale  of  a  few  minutes  and  the  western  edge  of  the  region  developed  a  characteristic 
S-shaped  structure.  Because  the  western  edge  of  the  disturbed  region  expanded  westward  as 
the  substorm  evolved,  this  S-shaped  structure  was  called  the  westward  traveling  surge. 
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The  substorm  evolution  as  proposed  by  Akasofu  is  shown  in  Figure  4. 
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Figure  4  The  evolution  of  an  auroral  substcrm  as  deduced  from  ground  based  allsky 

camera  data  by  Akasofu  (1964) 1S.  This  synthesis  of  the  data  points  to  a  sudden 
brightening  of  a  pre-existing  discrete  auroral  arc  followed  by  explosive 
poleward  expansion  and  formation  of  a  single  surge  form  which  was  thought  to 
expand  westward  at  velocities  of  ~1  km/s. 


As  studies  of  the  influence  of  the  interplanetary  medium  on  auroral  activity 
proceded,  it  became  clear  that  southward  turnings  of  the  IMF  led  to  the  expansion  of  the 
polar  cap  area,  manifested  in  the  equatorward  shift  of  the  auroral  oval.  This  expansion 
of  the  oval  towards  lower  latitudes  was  normally  accompanied  by  increasing  ionospheric 
electrojet  currents  featuring  eastward  current  across  the  dusk  meridian  and  westward 
current  across  the  dawn  meridian.  The  rates  of  change  of  these  large  scale  electrojet 
currents  were  typically  much  slower  than  for  the  sudden  current  changes  which  accompanied 
the  auroral  substorm  of  Akasofu  (1964)IS  discussed  above.  However,  the  magnetic  perturba¬ 
tions  of  the  polar  magnetic  substorm  (i.e.  the  electric  current  signature  of  the  auroral 
substorm)  and  those  of  the  larger  scale  eastward  and  westward  electrojets  are  roughly  of 
the  same  order  ranging  from  tens  of  nT  for  weak  activity  to  hundreds  of  nT  for  strong 
activity.  A  change  in  the  Bz  component  of  the  IMF  from  northward  to  southward  and  back 
to  northward  again  led  to  the  magnetic  activity  level  rising  and  then  falling  on  the  time 
scale  of  the  change  in  the  IMF.  Since  the  IMF  rises  and  falls  occur  on  a  rather  unpredict¬ 
able  time  scale  ranging  from  minutes  to  hours,  the  magnetic  perturbations  (seen  as 
magnetic  bays  in  auroral  zone  magnetic  records)  have  a  considerable  range  of  periods. 
Nonetheless,  rises  and  falls  in  the  magnetic  activity  level  of  duration  1-3  hrs  have 
attracted  the  attention  of  many  researchers  and  such  perturbations  have  also  been  called 
"substorms" .  This  has  caused  a  problem  in  that  when  researchers  use  the  term  "substorm", 
one  has  to  look  carefully  at  exactly  which  set  of  magnetic  and  auroral  signatures  they  are 
talking  about. 

This  problem  of  notation  was  addressed  first  at  a  workshop  in  Victoria,  Canada  and 
published  by  Rostoker  et  al.  (1980',lfj  They  agreed  to  give  the  term  substorm  to  the  normally 
longer  time  scale  expansion  and  contraction  of  the  auroral  oval  and  used ~the'  terms 
"substorm  expansive  phase  onset"  and  "substorm  intensification"  to  describe  the  distur¬ 
bance  originally  designated  as  a  substorm  by  Akasofu  (1964)15.  In  doing  so,  they  acknow¬ 
ledged  that  many  auroral  breakups  (as  shown  in  Figure  4)  could  occur  sequentially  during 
the  period  of  substorm  development. 

Further  progress  in  understanding  the  nature  of  substorms  came  as  the  result  of  a 
workshop  in  Munster,  FRG  the  results  of  which  have  been  published  recently  by  Rostoker 
et  al.  (1988)  J7.  They  noted  that  substorm  activity  appeared  to  involve  two  distinctive 
processes.  In  the  directly  driven  process,  energy  from  the  solar  wind  enters  the  magneto¬ 
sphere  and  is  deposited  directly  in  the- auroral  oval  and  ring  current  with  delay  times 
of  only  a  few  minutes.  The  auroral  manifestation  of  the  growth  of  the  directly  driven 
system  is  enhanced  auroral  luminosity  on  a  global  scale  and  the  equatorward  expansion  of 
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current  wedge  signatures  can  occur  sporadically  at  the  poleward  border  of  the  evening 
sector  oval. 

Assuming  that  the  southward  IMF  persists  with  relatively  constant  magnitude,  one 
may  use  the  impulse  response  time  of  the  magnetosphere  as  a  guide  to  understanding  the 
ensuing  behaviour  of  the  auroral  oval  and  its  associated  currents.  Clauer  et  al .  (1983)  ■ 
have  shown  that  input  of  solar  wind  energy  to  the  magnetosphere  can  be  represented  by 


0 (T)  =  /  g (t)  I(t  -  t)di 

where  g(t)  is  the  impulse  response  the  magnetosphere.  According  to  the  studies  of 
Clauer  et  al.(1983H"  and  Bargatze  et  al.  (1985)^-,  the  impulse  response  of  the  magnetosplv-r 
has  a  time  scale  of  ~2  hr.  That  is,  if  the  magnetosphere  in  a  specific  state  is  affected 
by  a  change  in  IMF  having  the  form  of  a  Heaviside  function,  then  the  magnetosphere  will 
attain  a  new  and  stable  state  after  approximately  2  hr.  Here  we  are  alluding  to  the 
state  of  the  directly  driven  system.  Even  during  episodes  of  stability,  it  is  still 
possible  to  observe  sporadic  surge  activity  at  the  poleward  edge  of  the  oval.  It  is  not 
possible  to  say,  at  this  time,  whether  this  surge  activity  is  due  to  external  effects 
(such  as  small  changes  in  solar  wind  conditions)  or  is  due  to  internal  triggering 
processes.  Finally,  it  should  be  noted  that  the  solar  wind  is  normally  rather  turbuLent 
with  significant  variations  occurring  on  time  scales  normally  much  less  than  an  hour. 

Thus,  the  magnetosphere  rarely  has  an  opportunity  to  move  from  one  state  to  another  in 
the  manner  predicted  by  the  results  of  Clauer  et  al.,  since  it  is  likely  to  be  affected 
by  a  further  change  in  solar  wind  conditions  before  it  has  a  chance  to  :  ach  a  n^w  stead v 
state  after  a  southward  turning  of  the  IMF. 

Let  us  suppose,  however,  that  after  the  southward  turning  of  the  IMF,  the  magneto¬ 
sphere  is  exposed  to  constant  interplanetary  conditions  for  almost  one  complete  substorn 
time  constant  (viz.  ~l-2  hr.).  Just  before  the  interplanetary  conditions  change,  the 
polar  cap  would  have  a  larger  area  and  the  driven  system  electrojets  would  be  stronger 
than  before  the  original  southward  turning  of  the  IMF.  At  this  time,  there  might  or 
might  not  be  surge  activity  at  the  poleward  edge  of  the  evening  oval.  Now,  let  us 
suppose  that  the  IMF  suffers  e  sudden  northward  turning,  returning  the  IMF  configuration 
to  its  state  prior  to  the  original  southward  turning.  At  this  time,  the  magnetosphere 
experiences  a  large  enhancement  in  auroral  and  magnetic  activity.  In  some  cases,  this 
activity  is  larqe  enough  to  lead  to  significant  mid  latitude  magnetic  signatures,  and 
many  magnetospher ic  substorms  described  in  the  literature  ha'*e  their  expansive  phase 
marked  from  this  time.  At  auroral  oval  latitudes,  the  consequence  of  the  northward 
turning  of  the  IMF  is  a  rapid  poleward  motion  of  the  poleward  edge  of  the  oval  starting 
near  midnight.  As  the  poleward  edge  of  the  oval  moves  poleward,  it  is  distorted  by 
multiple  surge  forms  stretching  from  midnight  to  the  dusk  meridian  and  sometimes  even 
into  the  post-noon  quadrant.  The  diffuse  auroras  south  of  the  poleward  border  of  the 
oval  often  acquire  structure  which  may  be  aligned  with  convective  and/or  energetic 
electron  drift  paths  (Rostoker  et  al.,  1.987)'-.  The  multiple  suae  f^rns  o-vh  h.rv  'heir 
associated  current  wedge  producing  a  pattern  of  irregularly  distributed  intense  westward 
electrojet  elements  distributed  in  the  wake  of  the  poleward  advancing  edge  of  the  oval 
and  along  it's  east-west  extent  in  the  evening  sector.  These  electrojet  elements  arc 
created  in  such  rapid  succession  that  new  ones  are  created  faster  than  the  old  ones  can 
decay.  Thus,  the  observed  magnetic  perturbation  pattern  comes  from  the  ensemble  of 
electrojet  elements  and  their  associated  field  aligned  currents.  Figure  6  shows  the  mid 
latitude  and  high  latitude  magnetic  signatures  across  a  wide  range  of  longitudes  during 
the  course  of  a  magnetosphere  substorm.  For  this  particularly  larqe  event,  the  poleward 
edge  of  the  auroral  oval  was  close  to  66 3  N  (geomaqrietic) .  This  leads  to  a  situation  in 
which  many  of  the  high  latitude  stations  shown  in  Figure  6,  which  normally  lie  well 
within  the  auroral  oval,  find  themselves  either  at  the  poleward  edge  of  the  oval  or 
within  the  polar  cap.  These  stations,  while  being  poorly  placed  to  detect  the  H-component 
signatures  or  the  directly  driven  electrojets,  are  well  placed  to  detect  the  sharp 
H-component  signatures  of  the  substorm  expansive  phase  intens i f icat ions  which  are  con¬ 
fined  to  the  poleward  border  of  the  oval.  The  westward  progression  of  the  western  edge  td 
the  substorm-disturbed  region  is  clearly  evident  in  the  H-component  signatures  of  the  nid 
latitudes  stations.  (Here  the  diagnostic  is  the  appearance  of  a  positive  H-component 
perturbation  associated  with  passage  of  the  upward  field-aligned  current  at  the  western 
edge  of  the  disturbed  region  across  the  meridian  of  the  observing  station.)  During  the 
height  of  the  rapid  succession  of  expansive  phase  intensif ications  described  above,  the 
poleward  edge  of  the  nightside  oval  contracts  poleward  as  shown  in  Figure  5.  Ultimately, 
if  the  IMF  retains  its  northward  polarity  and  strength,  the  expansive  phase  activity  at 
the  poleward  border  will  subside  and  the  diffuse  auroras  in  the  equatorward  portion  of  the 
oval  will  gradually  fade  away.  As  the  oval  contracts,  the  directly  driven  electrojets 
decline  in  strength  with  characteristic  decay  times  being  of  the  order  of  1/2  hr.  to  2 
hours.  Ultimately,  the  oval  will  be  reduced  to  a  locus  of  weak  discrete  arcs  at  rather 

1  at  i  tildes  and  the  equatorward  edge  of  a  weak  and  narrow  i  eg  ion  of  diffuse  auroras  will 
establish  itself  just  on  the  equatorward  side  of  the  discrete  auroras. 

In  the  foregoing  section,  I  have  described  the  phenomenology  of  substorm  activity  as 
seen  in  the  auroral  and  magnetic  activity.  In  the  next  portion  of  this  paper,  I  would 
like  to  comment  on  the  models  which  have  been  proposed  to  date  which  are  designed  to  ex¬ 
plain  the  physical  processes  which  go  on  in  the  magnetotail  during  the  evolution  of  sub¬ 
activity  . 


Fiqure  6  Magnetograms  showing  the  north-south  component  of  the  magnetic  perturbation 
field  for  stations  stretching  from  east  to  west  at  middle  latitudes  (left 
panel)  and  for  selected  high  latitude  magnetograms  at  stations  strongly 
influenced  by  the  substorm  seen  in  the  figure.  Lines  A,  B,  C  and  D  mark  sub¬ 
storm  onset  and  subsequent  intensifications.  The  tendency  for  the  disturbance 
to  progress  westward  and  to  higher  latitudes  is  evident.  Each  substorm 
intensification  involves  a  poleward  expansion  of  the  region  of  discrete  auroras 
and  the  formation  of  a  surge  in  a  longitudinally  localized  sector  (adapted 
after  Wiens  and  Rostoker,  1975*' M  . 


MODELS  FOR  SUBSTORM  ACTIVITY 

At  the  present  time,  there  are  two  models  which  have  been  proposed  to  explain  how 
energy  from  the  solar  wind  is  redistributed  and  dissipated  in  the  magnetosphere-ionosphere 
system  through  substorm  activity.  These  two  models  involve  rather  different  frameworks  in 
which  to  explain  the  data  although  in  the  future  ways  may  be  found  to  reconcile  the  two 
approaches.  The  first  is  called  the  near-Earth  Neutral  Line  model  (hereinafter  referred 
to  as  the  NENL  model)  while  the  second  has  been  named  the  boundary  layer  dynamics  model 
(hereinafter  referred  to  as  the  BLD  model) .  The  NENL  model  has  evolved  largely  through 
the  analysis  of  satellite  data  and  intensive  theoretical  studies  and  numerical  simulations 
of  the  plasma  and  field  environment  of  the  magnetotail.  The  reader  is  referred  to  Hones 
<  1 9  8  4  )>‘  *'  for  a  comprehensive  summary  of  the  elements  of  the  NENL  model.  The  BLD  model  has 
developed  largely  through  the  detailed  studies  of  ground  based  auroral  signatures  and 
magnetic  field  perturbations  associated  with  substorm  activity  together  with  low  altitude 
polar  orbiting  satellite  measurements  of  the  precipitating  particles,  electric  fields  and 
field-aligned  currents  at  high  latitudes.  The  reader  is  referred  to  Rostoker  and  Eastman 
( 1 9 8 7 ) -  for  a  comprehensive  summary  of  the  BLD  model.  In  the  balance  of  this  section,  I 
shall  attempt  to  outline  the  essential  elements  of  these  two  competing  models. 

(i)  The  Near-Earth  Neutral  Line  Model 

The  elements  of  the  NENL  are  best  described  by  reference  to  Figure  7,  which  has  been 
widely  used  for  visualizing  the  general  changes  in  magnetotail  topology  during  the  course 
of  the  evolution  of  a  substorm.  In  this  framework,  the  substorm  begins  with  a  southward 
turning  of  the  IMF.  Enhanced  merging  at  the  front  side  magnetopause  is  followed  by  trans¬ 
port  of  the  newly  opened  field  lines  into  the  magnetotail  which  is  accompanied  by  a 
thinning  of  the  plasma  sheet  in  the  center  of  the  tail.  The  growth  of  the  tail  magnetic 
field  is  consistent  with  a  growth  in  the  crosstail  current  and  the  edge  effect  of  this 
tail  current  close  to  the  Earth  leads  to  the  development  of  a  region  of  very  weak  field 
somewhere  in  the  region  of  10  -  15  Re  behind  the  Earth.  At  some  time,  reconnection  of 
plasma  sheet  field  lines  begins  in  this  weak  field  region  however  it  is  thought  that  this 
reconnection  has  no  uniquely  identifiable  ionospheric  signature.  Ultimately,  when  all  the 
(closed)  plasma  sheet  field  lines  have  been  reconnected,  reconnection  of  open  lobe  field 
lines  commences.  The  tension  in  the  reconnected  field  lines  on  the  anti-sunward  side  of 
the  near  Earth  neutral  line  leads  to  the  ejection  of  the  plasma  sheet  particles  in  a 
structure  called  a  "plasmoid".  The  onset  of  reconnection  of  lobe  field  lines  marks  the 
onset  of  the  substorm  expansive  phase  and  the  substorm  evolution  proceeds  with  continuing 
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Figure  7  Evolution  of  a  plasmoid  in  the  near-Earth  neutral  line  model  for  the  magneto- 
spheric  substorm.  The  plasma  sheet  is  pinched  off  close  to  the  Earth  and 
tension  in  the  field  lines  on  the  anti-sunward  side  of  the  netural  line 
causes  a  portion  of  the  plasma  sheet  particle  population  to  be  returned  to 
the  interplanetary  medium  as  a  plasmoid  moving  downtail  (after  Hones, 

1984'-). 


reconnection  of  lobe  field  lines.  The  neutral  line  stays  at  its  location  for  some  time 
and  then,  for  reasons  not  presently  understood,  moves  tailward  accompanied  by  a  thickening 
of  the  plasma  sheet.  In  the  ionosphere,  the  thickeninq  of  the  plasma  sheet  is  accompanied 
by  a  poleward  motion  of  the  auroras. 

( i i )  Boundary  Layer  Dynamics  Model 

The  elements  of  the  BLD  model  are  best  presented  by  reference  to  Figures  1  and  8. 

The  essence  of  this  model  lies  in  the  mapping  to  the  magnetotail  of  the  electric  field 
polarity  transition  zones  in  the  high  latitude  evening  and  morning  sector  high  latitude 
auroral  oval.  In  this  scheme  the  velocity  shear  zones  associated  with  the  ionospheric 
electric  field  polarity  transitions  map  through  the  plasma  sheet  boundary  layer  (PSBL) 
to  the  interface  between  the  low  latitude  boundary  layer  (LLBL)  and  the  central  plasma 
sheet  (CPS) .  Tn  the  solar  terrestrial  interaction,  magnetosheath  plasma  penetrates  the 
magnetopause  through  magnetic  field  merging  (leading  to  the  formation  of  the  plasma 
mantle)  and  through  action  of  a  Kel vin-Ffelmhol t z  instability  along  the  flanks  of  the 
magnetosphere  (leading  to  the  formation  of  the  LLBL).  Plasma  mantle  particles  streaming 
downtail  also  convect  towards  the  midplane  of  the  tail  where  reconnection  processes  or 
current  layer  acceleration  processes  (cf.  Lyons  and  Speiser,  1982k'  lead  to  the  redirection 
of  some  of  the  plasma  mantle  particles  to  form  at  least  part  of  the  Earthward  convect ing 
CPS  particle  population.  The  relatively  steady  processes  are  associated  with  the 
energetics  of  the  directly  driven  process  involving  the  large  scale  Birkeland  current 
system  (seen  in  Figure  8)  and  the  eastward  and  westward  auroral  electrojets.  Now  one 
must  look  at  the  changes  in  velocity  shear  at  the  interface  between  the  LLBL  and  CPS.  In 
the  conceptual  framework  where  the  tail  is  loaded  during  episodes  of  enhanced  magnetic 
merging  on  the  frontside  magnetopause,  magnetic  field  energy  becomes  available  in  the 
tail  to  power  auroral  processes  (McPherron,  1970)27.  Sporadic  releases  of  this  inductively 
stored  energy  (often  stimulated  by  northward  turnings  of  the  IMF  as  demonstrated  by  Caan 
et  al.  (1 977 ) 2  0  and  by  Bostoker  f 1 98  3) 1 e I  can  lead  to  bursts  of  reconnection  and  enhanced 
plasma  flows  in  the  plasma  sheet.  The  Earthward  flow  on  the  Earthward  side  of  the  neutral 
line  can  enhance  the  momentum  density  in  the  CPS  to  the  extent  of  making  the  LLBL/CPS 
interface  unstable  to  the  Kelvin  Helmholtz  instability.  Processes  consistent  with 
Le  Chatelier's  Principle  develop  which  attempt  to  stabilize  the  instability  resulting  in 
localized  field-aligned  current  flow  linking  the  high  latitude  ionosphere  to  the  unstable 
shear  zone  in  the  magnetotail.  These  localized  field-aligned  currents  are  associated  with 
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Figure  8  Projection  on  the  plane  of  the  neutral  sheet  of  the  particle  populations  of  the 
magnetosphere  together  with  electric  field,  electric  current  and  convective  flow 
directions  in  the  LLBL  and  CPS.  Dynamo  processes  lead  to  the  extraction  of  kin¬ 
etic  flow  energy  from  the  CPS  to  drive  a  portion  of  the  Birkeland  current  system 
(shown  in  the  figure).  The  velocity  shear  zone  between  the  LLBL  and  CPS  maps  to 
regions  of  active  auroras  in  the  high  latitude  portion  of  the  auroral  oval  (after 
Rostoker  and  Eastman,  198725). 


substorm  surges  in  the  pre-midnight  sector  and  to  auroral  omega  bands  in  the  dawn  sector 
of  the  auroral  oval  (cf.  Rostoker,  1987b) . 2 9  Focussing  our  attention  on  the  evening  sector 
velocity  shear  zone  (the  ionospheric  locus  of  which  has  been  termed  the  fiarang  discontin¬ 
uity)  we  associate  the  regions  of  localized  upward  field-aligned  current  with  surface  wave 
amplitude  maxima  along  the  LLBL/CPS  interface  in  the  magnetotaii.  The  return  currents 
flowing  into  the  ionosphere  around  the  core  of  upward  field-aligned  current  (associated 
with  closure  of  the  electrical  circuit)  and  linked  to  the  upward  currents  by  ionospheric 
Pedersen  currents  can  provide  the  signature  of  the  substorm  current  wedge  as  shown  in 
Figure  9.  Thus  the  ensemble  of  substorm  current  wedges  which  combine  to  create  the  over¬ 
all  substorm  expansive  phase  perturbation  can  be  thought  of  as  a  manifestation  of  the  non¬ 
linear  growth  of  Kelvin-Helmholtz  waves  along  the  evening  sector  LLBL/CPS  velocity  shear 
zone  as  a  consequence  of  bursts  of  enhanced  reconnection  at  the  neutral  line.  In  summary, 
this  model  for  magnetospheric  substorm  activity  contains  an  explanation  for  both  the  back¬ 
ground  of  directly  driven  activity  as  well  as  the  more  rapidly  varying  and  spatially 
localized  expansive  phase  activity. 

PREDICTION  QF  SUBSTORM  ACTIVITY 

We  conclude  this  paper  by  commenting  on  our  ability  to  predict  high  latitude  iono¬ 
spheric  disruption  through  magnetospheric  substorm  activity  in  the  light  of  our  present 
understanding  of  the  physical  processes  behind  the  substorm  phenomenon.  The  comments  on 
our  ability  to  predict  substorm  activity  are  made  in  full  realization  of  the  fact  that  the 
most  obvious  and  important  indicator  of  the  level  of  the  solar-terrestrial  interaction  is 
the  orientation  cf  the  incoming  IMF.  I  shall  break  my  comments  about  prediction  capab¬ 
ility  into  two  sections.  The  first  section  will  involve  predictions  when  IMF  and  solar 
wind  plasma  data  are  available  in  near  real  time  while  the  second  will  involve  predictions 
when  only  ground  based  data  are  available. 

( i )  Predictions  Where  Interplanetary  Data  Are  Available 

A  considerable  amount  of  work  has  been  done  in  the  past  to  find  an  algorithm  involv¬ 
ing  the  critical  interplanetary  plasma  and  field  parameters  whicn  will  permit  the  activity 
levels  in  the  auroral  regions  to  be  predicted.  Probably  the  most  successful  of  these 
parameters  is  the  parameter  designed  initially  by  Perrault  and  Akasofu  (1978) 5 c  and 
having  the  form 

,  T  f) 

e  =  v  B-  sin'*  tc 

o  2 
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Fiuure  9  Schematic  of  current  flow  associated  with  an  «xpansivo  phase  (after  oe  "-root  -Ho 1  m 
and  Rostoker,  1937).  Growth  of  the  Kelvin-Helmhol tz  instability  at  the  LI-BL/tTS 
interface  due  to  enhanced  Earthward  CPS  flow  generated  by  a  burst  of  reconnect  it  r; 
causes  localized  current  flow  out  of  the  ionosphere  into  the  source  region. 

where  v  is  the  solar  wind  velocity,  B  is  the  magnitude  of  the  interplanetary  magnetic 
field,  is  the  polar  angle  of  the  component  of  the  IMF  normal  to  the  Sun-Earth  line  and 
measured  from  the  northward  geomagnetic  axis  and  .  is  a  constant  which  has  the 
dimensions  of  length  and  has  a  value  of  ~7  Re.  Thd  value  of  *  is  given  in  ergs' sec  and 
ranges  from  about  10 1 for  low  activity  levels  to  “10'  '  for  high  activity  levels.  A 
physical  justification  for  the  precise  analytical  form  of  the  ■  parameter  can  be  found  in 
Vasyliunas  et  al .  (1982). 

There  is  every  indication  that  the  t  parameter  is  an  excellent  predictor  of  the  strength 
and  variation  of  the  directly  driven  system  involving  the  eastward  and  westward  auroral 
electrojets  (which  are  well  quantified  for  avoraqe  levels  of  magnetospher ic  activity  by  the 
AE  index) .  Since  the  directly  driven  system  accounts  for  a  minimum  of  50^  of  the  energy 
dissipation  involved  in  auroral  oval  activity,  real  time  information  regarding  the  IMF 
magnitude  and  direction  together  with  the  magnitude  of  the  solar  wind  bulk  flow  velocity 
can  go  a  long  way  in  predicting  auroral  oval  activity.  Given  the  choice  of  IMF  information 
or  solar  wind  information,  the  IMF  information  is  by  far  the  most  important  as  the  solar 
wind  velocity  usually  changes  by  a  factor  of  two  or  less  over  extended  periods  of  tine 
whereas  a  simple  polarity  reversal  of  the  IMF  Bz  component  can  change  the  parameter  by  as 
much  as  two  to  three  orders  of  magnitude.  It  is  also  important  to  point  out  that  substorm 
expansive  phase  activity  is  not  related  so  simply  to  the  t  parameter.  While  the  likelihood 
of  expansive  phase  activity  is  enhanced  with  increasing  c,  it  is  often  observed  that  north¬ 
ward  turnings  of  the  IMF  can  trigger  major  substorm  expansive  phase  activity  (implying  a 
possible  anti-correlation  of  substorm  expansive  phase  activity  with  the  magnitude  of  ;  . 

It  would  be  fair  to  say  that,  in  general  all  northward  turnings  of  the  IMF  after,  some 
reasonable  period  of  southward  IMF  (say  a  few  minutes  or  more)  result  in  substorm  expansive 
phase  activity  with  a  delay  of,  at  the  most,  a  few  minutes.  However,  it  would  appear  that 
substorm  expansive  phase  activity  can  also  be  initiated  during  periods  when  there  is  no 
clear  northward  turning  of  the  IMF.  A  comprehensive  study  of  the  conditions  for  onset  of 
substorm  expansive  phase  activity  still  remains  to  be  done  and,  until  such  a  study  is 
carried  out,  prediction  of  these  large  magnetosphei ic  perturbations  will  still  involve  a 
significant  amount  of  uncertainty. 

( ii)  Predictions  Where  Only  Ground  Based  Data  Are  Available 

Because  of  the  poor  existing  coverage  of  interplanetary  conditions  and  the  lengthy 
amount  of  time  which  elapses  before  even  that  data  which  are  recorded  become  available, 
anyone  who  wishes  to  predict  magnetospheric  activity  with  lead  times  of  less  than  an  hour 
is  restricted  to  using  data  recorded  on  the  ground  using  remote  sensing  techniques.  During 
the  International  Magnetospheric  Study  (1976-1979),  the  modern  technologies  of  communica¬ 
tions  and  data  management  combined  to  make  it  possible  for  real  time  data  to  be  obtained 
from  arrays  of  ground  instruments  spread  over  large  areas  of  the  continental  land  masses. 

The  one  instrument  useful  in  remote  sensing  magnetospheric  conditions,  the  magnetometer , 
lent  itself  readily  to  the  task  of  monitoring  activity  levels  through  detection  of  the 
magnetic  perturbations  from  the  large  scale  electric  current  systems  which  couple  the 
magnetosphere  to  the  ionosphere.  Historically,  the  magnetometer  provided  the  raw  input 
data  for  computations  of  the  K p  and  AE  indices  which  have  long  been  used  as  a 


quasi-quantitative  measure  of  magnetospheric  and  ionospheric  activity  levels.  In  modern 
times,  our  knowledge  of  the  forward  model  of  these  current  systems  permits  us  to  monitor 
the  level  of  the  solar-terrestrial  interaction  to  a  certain  extent.  It  is  useful  to 
discuss  briefly  the  capabilities  and  limitations  of  ground  magnetometer  array  data  in 
predicting  activity  levels  at  auroral  latitudes. 

To  begin  with,  there  seems  to  be  only  one  aspect  of  magnetospheric  activity  which  is 
somewhat  predictable  using  ground  based  data  only.  The  predictability  relates  to  the  2  7 
day  rotation  period  of  the  sun  and  involves  the  existence  of  active  regions  on  the  sun 
which  maintain  their  integrity  over  as  many  as  several  solar  rotation  periods.  These 
active  regions  appear  to  be  the  source  of  high  speed  solar  wind  flows  and  the  impact  on  the 
magnetopause  of  these  high  speed  streams  in  concert  with  a  favourable  orientation  of  the 
IMF  leads  to  enhanced  periods  of  magnetospheric  activity  which,  in  the  past,  have  been 
termed  M-region  storms.  Unfortunately,  even  for  this  rather  crude  predictor  (crude  be¬ 
cause  an  active  region  on  the  sun  can  suddenly  disappear  in  a  quite  unpredictable  fashion; 
it  turns  out  that  it  can  only  be  used  with  confidence  during  periods  near  sunspot  minimum. 
Figure  10  shows  the  anti-correlation  of  the  27  day  recurrence  with  sunspot  numbers. 

Sargent  (1985)*'  has  presented  this  relationship  which  shows  that  the  27  day  recurrence 
breaks  down  as  one  moves  into  the  ascending  phase  of  the  sunspot  cycle.  Thus  one  cannot 
safely  count  on  using  the  27  day  recurrence  for  periods  surrounding  sunspot  maximum. 


Figure  10  Sunspot  cycle  and  27-day  recurrence  index  for  the  past  century  showing  the 
tendency  for  recurrence  to  break  down  during  periods  of  sunspot  maximum 
(after  Sargent,  1985').  This  indicates  that  predictive  capability  breaks 
down  just  at  the  time  when  one  expects  activity  levels  to  be  the  highest. 
Note  that  the  27 -day  recurrence  pattern  is  the  only  repeatable  feature  of 
the  solar  terrestrial  interaction  which  can  be  inferred  from  ground  based 
data  only.  Its  breakdown  during  periods  of  high  sunspot  numbers  emphasizes 
the  necessity  of  having  real  time  interplanetary  plasma  and  field  parameters 
for  effective  prediction  of  magnetospheric  substorm  activity. 


While  it  is  difficult,  if  not  impossible  to  predict  activity  levels  well  in  advance 
using  only  ground  based  data,  our  improving  knowledge  of  the  detailed  response  of  the 
auroral  current  systems  to  changes  in  the  interplanetary  medium  now  permits  us  to  make 
some  predictions  about  the  probability  of  large  substorm  expansive  phase  disturbances 
(which  can  be  directly  linked  to  significant  disruptions  in  communications  where  radio 
wave  propagation  is  involved).  in  fact,  it  would  be  fair  to  say  that  two  meridian  lines 
of  three  component  magnetometers  separated  in  longitude  by  about  90 “could  be  very  effective 
in  predicting  substorm  expansive  phase  activity  of  significant  magnitude  in  the  hour  prior 
to  its  outbreak.  The  precise  capabilities  of  such  arrays  involving  stations  distributed 
between  approximately  55°  and  90°  (geomagnetic  latitude)  are  outlined  below: 

(i)  The  ability  of  meridian  lines  such  as  those  alluded  to  above  to  define  the  poleward 
edges  of  the  eastward  and  westward  directly  driven  auroral  electrojets  and  hence  the 
equatorward  boundary  of  the  polar  cap.  Knowledge  of  the  area  of  the  polar  cap  is 
equivalent  to  knowledge  of  the  amount  of  magnetic  energy  stored  in  the  maqnetotail 
and  hence  of  the  amount  of  energy  available  for  dissipation  in  the  ionosphere  in 
subsequent  episodes  of  unloading. 


(ii)  The  ability  of  meridian  lines  to  define,  through  identification  of  the  beginning  of 
episodes  of  growth,  when  the  interplanetary  conditions  have  changed  to  enhance  the 
flow  of  energy  into  the  magnetosphere  (e.g.  a  southward  turning  of  the  IMF) .  For 
example,  in  Figure  3,  the  episode  of  eastward  electrojet  growth  identifiable  be¬ 
tween  0730  and  0815  CJT  is  a  clear  indicator  of  enhanced  energy  input  into  the 
magnetosphere  and  the  length  of  this  episode  of  enhanced  driven  system  activity 
in  the  absence  of  any  significant  expansive  phase  activity  is  a  good  indicator  of 
the  approach  of  a  particularly  large  expansive  phase  outburst  such  as  that  seen  at 
0815  UT  (which  was  triggered,  as  it  turned  out,  by  a  sharp  northward  tur nine;  of 
the  IMF) . 

One  might  also  mention  the  fact  that  high  pass  filtered  records  from  the  same  pair  of 
station  lines  allows  the  use  of  ULF  Pi  2  pulsations  to  define  onsets  of  small  scale 
substorm  expansive  phases  which  might  not  be  so  easily  identifiable  from  normal  magneto¬ 
grams.  In  this  respect,  Pi  2  pulsations  are  similar  to  seismic  fluctuations  in  terms  of 
identifying  impulsive  outbursts  of  energy  dissipation  in  the  environment.  Now  that 
substorm  researchers  are  able  to  distinguish  between  the  physics  of  the  directly  driven 
process  and  the  loadinq-unloading  process,  our  ability  to  predict  large  scale  disruptions 
of  the  auroral  ionosphere  are  vastly  improved  compared  to  our  capabilities  in  the  past 
where  the  use  of  ground  based  data  alone  is  involved.  However,  it  is  fair  to  say  that 
only  when  we  are  in  possession  of  real  time  interplanetary  plasma  and  field  data  will 
prediction  of  maqnetospheric  activity  be  achieveable  to  a  high  degree  of  accuracy  on  time 
scales  of  minutes  to  hours. 
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DISCUSSION 


R. A. Hoffman 

You  presented  two  models  of  a  substorm,  the  deep  tail  model  of  plasmoids  and  the  aground-based"  model.  1  do  not 
understand  that  the  models  are  irreconcilable.  The  pi  as  mo  id  model  breaks  a  body  of  magnetospheric  plasma  from  the 
plasma  sheet  to  move  down  the  tail.  After  this  occurs  there  is  no  communication  from  the  plasmoid  to  the  ionosphere. 
There  is  no  comment  regarding  the  plasma  inside  the  region  of  reconnection.  The  ground-based  model  may  ?  .dress 
only  the  latter  region,  and  its  connection  to  the  ionosphere.  Your  comments,  please. 

Author’s  Reply 

First  of  all,  the  near  earth  neutral  line  model  really  makes  no  attempt  to  explain  the  detailed  behavior  of  auroras  and 
electric  currents  in  the  auroral  oval  at  this  time  -  perhaps  it  ran  be  enhanced  to  provide  such  an  explanation,  but  that 
remains  to  be  seen.  Store  important,  it  is  now  clear  that  a  minimum  of  50%  of  substorm  energy  deposition  is  associated 
with  the  directly  driven  system.  There  is  presently  no  plan  in  the  near  earth  neutral  line  model  for  an  explanation 
of  the  directly  driven  system.  However,  the  directly  driven  system  is  an  integral  part  of  the  boundary  layer  dynamics 
model.  Finally,  1  think  the  plasmoid  should  have  some  ionospheric  signature.  You  have  an  azimuthally  localized  plasma 
blob  sliding  rapidly  away  from  the  earth  adjacent  to  central  plasma  sheet  material  convecting  earthward.  There  ought 
to  he  an  ionospheric  signature  of  this  new  and  transient  velocity  shear  zone.  1  know  of  no  such  transient  velocity  shear 
zones  in  the  high  latitude  ionosphere. 


J.I.omaire 

l  would  like  to  mention  that  in  addition  to  the  2  “predictions"  of  geomagnetic  activity  you  showed,  there  is  one  which  is 
much  more  detailed  and  which  includes  both  of  those  you  mentioned:  this  is  the  predictor  determined  by  L.  Svalgaard* 
in  1977.  It  also  takes  into  account  of  the  dependence  of  geomagnetic  activity  on  the  degree  of  inhomogeneity  of  the 
driving  solar  wind! 

( "Geomagnetic  Activity  Dependence  on  Solar  Wind  Parameter:  In  Coronal  Hole s  and  Iltyh  Speed  Wind  Sirearns.  Zikcr. 
.).  JJ.  ed,  Colorado  Associated  l/niv.  Press,  1977,  371-441.) 

Author’s  Reply 

l  he  influence  of  variability  of ‘he  Interplanetary  Magnetic  Field  (IMF)  on  the  level  of  magnetospheric  activity  was  well 
documented  by  Ballif  and  Jones  hack  in  the  late  1960's  and  early  1970's.  There  certainly  seems  to  be  a  statistically 
demonstrable  trend  for  increased  IMF  variability  to  produced  enhanced  magnetospheric  activity,  a*  quantified  by  hip. 
My  personal  opinion  is  that  a  fluctuating  IMF  causes  short  term  episodes  of  loading  and  unloading  which  leads  to 
continual  weak  expansive  phase  activity.  [The  directly  driven  system  is  not  much  influenced  by  this  irregularity  of  the 
IMF  because  of  the  long  time  scale  (~  2  hr)  of  the  impulse  response  time  of  the  magnetosphere.]  1  must  emphasize 
that  you  can  get  larger  levels  of  magnetospheric  activity  with  quite  low  variance  in  the  IMF.  so  such  variability  is  not 
a  requisite  condition. 

Finally,  l  would  emphasize  that  there  is  a  physical  basis  for  the  t  parameter  [cf.  Yasylitinas  et  al. .  Planetary  and 
Space  Science,  1982j  such  that  it  represents  energy  input  in  terms  of  erg;,  s_l.  Involving  the  variance  provides  more 
of  an  empirical  predictor,  but  it  may  well  help  create  an  empirical  predictor,  which  is  more  effective  that  the  present 
parameter  in  reproducing  the  overall  energy  input.  A  correct  physical  approach  to  developing  a  physically  meaningful 
predictor  demands  separation  of  a  substorm  disturbance  into  directly  driven  and  loading-unloading  components. 
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Smiio 

Different  expressions  for  pressure  tensors  in  multispecies  plasmas  are 
investigated  for  their  physical  meaning-  Partial  temperatures  are  introduced 
proportional  to  the  partial  translational  energies  (per  particle).  This 
leads  to  the  definitions  of  translational  energy  tensors  and  temperature 
tensors  proportional  to  the  pressure  tensors.  Stress  tensors  are  defined  as 
differences  of  the  corresponding  pressure  tensors  and  their  v.jlues  * «  local 
thermodynamic  equilibrium.  Heat  flux  vectors  are  defined  as  quantities  with 
vanishing  divergence  under  adiabatic  constraints.  Balance  equations  are 
established  for  masses,  .  momenta,  pressures.  temperatures.  energies, 
enthalpy,  stresses  and  heat  fluxes. 


In  thermodynamic  equilibrium  the  quantities  pressure  -p  number 
density  n  and  temperature  T  of  an  ideal  gas  are  related  by  the  equation 
of  state 

f  =  n-HT  (A.l) 

where  A-  is  Boltzmann's  constant.  This  law  holds  for-  a  "simple"  gas 
consisting  of  one  species  of  particles.  It  must  be  dilute  enough  to  neglect 
the  volume  of  the  particles  compared  with  the  volume  of  the  whole  gas  and 
hot  enough  to  neglect  the  interaction  potentials  of  the  particles  compared 
with  their  translational  kinetic  energy.  The  latter  two  properties  hold  for 
almost  all  aeronomic  plasmas.  The  first  attribute  ,  the  one  species 
property.  can  never  hold  for  a  p’asma  which,  by  its  very  definition,  needs 
at  least  two  species  cf  (oppositely)  charged  particles.  Occasionally  a 
one  -species  approximation  can  be  useful.  but  we  want  to  concentrate  on 
mu  1 1 i - spec i es  plasmas  in  this  paper. 


An  extension  of  the  equal  ion  of  state  (1.1)  to  multi  species  ideal 
gases  is  given  by  Dalton's  law 

=  Z  4>.  =  AT  =  :  tt 
i  ^  i  * 

yielding  the  total  pressure  -p  as  the  sum  of  the  partial  pressures  p-  of 
the  different  species  j,  with  partial  number  densities  -n .  The  sum*  of  the 
'Wj  is  the  total  number  density  n  This  law  holds  also  for  aeronomic 
plasmas  in  thermodynamic  equilibrium 


(A-l) 


But  thermodynamic  equilibrium  is  a  mathematically  convenient  limit 
which  is  very  seldom  reached  for  aeronomic  plasmas.  Most  of  them  are  in 
streaming  motion,  characterized  by  averaged  velocities 


<. (r  i) 


f.f-c.  r  l)-c 


of  the  different  species.  The  velocity  distribution  functions 
are  normalized  as 


(A  3) 


0*) 


Averages  over  the  velocity  spaces  are  denoted  by  overbars,  as 
Several  questions  immediately  arise. 


-C. 


in  (1.3) 


a)  Are  there  still  relationships 

f,  =  \  *T 

between  the  partial  pressures 
common  for  all  particle  species? 


a  quantity  "temperature"  7" 
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b)  Does  it  Hake  sense  to  introduce  partial  temperatures 
they  related  to  and  T*  ? 


and  how  are 


c )  Is  Dalton' 


law  (1.2)  still  valid? 


d)  Are  scalar  quantities  fj  ,  -f> 

pressures  and  the  total  pressure? 


still  sufficient  to  describe  partial 


In  the  following  chapters  2  and  3  these  questions  are  answered, 
starting  with  the  last  question.  This  leads  to  physically  meaningful 
definitions  of  pressures.  temperatures.  and  stresses.  For  pressures, 
temperatures  and  some  other  quantities  balance  equations  arc  established  in 
chapter  4.  leading  to  a  physically  resonable  definition  of  heat  flux 
vectors.  For  these  and  for  the  stresses  balancer  equations  are  derived  in 
chapter  5. 


lo  took  tor  physically  resonable  definitions  of  partial  pressures  and 
the  total  pressure  we  need  to  describe  the  transport  of  the  momenta  <■ 

across  test  surfaces  (of  unit  area).  For  later  use  we  generalize*  tnis. 

looking  for  the  transport  of  any  velocity  dependent  quantity 

For  a  non  -  s  t  ream  i  ng  plasma  (with  all  -C-  =  O  )  and  tost  surfaces  <«*■•  at 

rrs  t  fho  A.  -  fin vo c  a  nr ac  c  ^  j  rn  1  i 


For  a  non  -  s  treats  i  ng  plasma  (with  all  ■C-  =  0  ) 

the  ^  -fluxes  across  <£.  are  * 

<£.  •  C.  -tv.  4.  /V) 


jince  is  the  volume  per-unit  time  out  of  which  particles  with 

■£,  cross  A  *he  test  surface  5^  For  a  streaming  plasma  with  test 

suriaces  .  moving  with  velocities  t4 .  these  4 .  fluxes  become 

i 


€L.  •  (<t.  -  XL . )  n-  (4.  -  u,  3 


With  the  mass  densities 


f>.  TK  u 

J  * 

the  momentum  fluxes 


'  (l;  *-44.)  'it.  **.•  Ac.  -  <4.\ 

a  ”  4  T 

S  -44.  )  P.  -f-  ^  ■  />C.  -  U-  )  f  •  14. 

-J  I-;  f  >1  -j  -J  <  -i 


are  the  pressures  of  j  particles  upon  moving  test  surfaces  ^  If  these 
test  surfaces  reflect  the  particles  elastically,  then  the  averaged  normal 
velocities  vanish: 


Vfcj-ss)  =0 


The  factors  of  the  (unit)  test  surfaces  •  in  (2.3)  are  the  pressure 
tensors  J 


"2 


•C 
-  J 


(cs) 


A 

depending  on  the  velocities  ■  of  the  test  surfaces  4*j  A  conservation 
of  the  partial  (averaged)  angular  momenta  would  require  the  symmetry  of  the 

pressure  tensors  [l].  Ther  'fore  the  velocities  of _ the  test  surfaces 

should  he  equal  to  the  averaged  velocities  ^  •£ • (1.3)  which  are  all 
different  in  general.  Therefore  each  test  surface  would  be  required  to 

be  sensitive  only  to  the  particles  of  species  j  a*nd  we  would  end  up  with 
osmotic  pressure  tensors 

(1.6) 


it :=  ?,■  ht  =  57  ($  -  *j )(*,-  -  V 
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,  J- 


since  T‘  and  <6j“"  are  degenerate  eigenvalues,  each  belonging  to  two 
eigenvectors  perpendicular  to  the  magnetic  field  and  orthogonal  but 
otherwise  arbitrary. 


Having  defined  partial  translational  temperatures  T.  as  one  third  of 
the  traces  of  the  partial  temperature  tensors  T\  (3  2)*we  define  the  mean 
temperature  T  with  (3.4)  as 


T  •■=  irate.  T  = - - —  trace  f  =  —  -K:  T. 

3  *  3-nA  £  -n  ^  J  }  ' 


Analogously,  with  (2.17) 


trace  «  -i-  brace  -f>  -  ■Yl 


i 

3  hr 


But  instead  of  defining  scalar  partial  pressures  as  one  third  of  the 
traces  of  the  partial  pressure  tensors  -g .  which  would  lead  to 

n.  A  T;  (3.7},  we  define  partial  ‘  hydros t  at  i  c  "'^.ress  ures  jp. 


i 


ri 


f).  ;=  -n;  -ft  T*  . 


) 


The  reason  is  the  following.  Without  thermodynamic  forces,  like  gradients  oi 
tj^and  T,  the  plasma  is  in  local  thermodynam i c  equ  i  1  i  br  i  urn .  In  this  state  the 
plasma  is  merely  characterized  by  the  parameters  ) 

and  T  (r,  -k )  with  their  local  and  temporal  values  at  Thes#* 

few  parameters  describe  the  plasma  at  r*  1 4  in  a  way  as  if  it  were 

homogeneous  and  stationary  with  the  same  ''parameters  itj  ,  V'>  T  at  each 
position  £  and  at  any  time  £  In  this  case  the  partial  pressure  tensors 
(2.12)  are  isotropic,  i.e.  proportional  to  the  unit  tensor  X  as 

W:  -AT  X  and  the  total  pressure  tensor  pi2.il)  is  /t4TI  ** 

Different  partial  temperatures  ft  (3.7).  even  *■  if  physically  existing 
during  a  finite  time  interval  in*a  finite  domain,  could  not  be  maintained 
during  all  times,  since  different  partial  translational  energies 
(3.6)  are  equalized,  if  no  thermodynamic  forces  exist.. 


1AT-/1 


Therefore 


f.  .=  ^  AT 


have  defined  the  partial  hydrostatic  pressures  as 
(3.11)  and  define  further  the  total  hydrostatic  pressure 


'p  -  /n. T  =  2T  p.  -  trace  p 

!  i  ri  3  £ 


The  deviations 


-  -f.  E  =  «TI  =«■{»,■  C  C.  -4Tr) 

*}  ij  rJ  *  £j  1  *  J  \  J  ~J  ~J  « I 


IT  :=:  i3  -  5  =5TT 


from  the  values  in  local  thermodynamic  equilibrium  are  called  stress  tensors 
in  plasma  physics. 


The  traces  of  the  partial  stress  tensors  'if 

~<j 


trace  =  brace  -g  -  3  -|3  -  3  at  *(TrJ) 


represent  the  deviations  of  the  partial  temperatures  (3,7)  from  the 
mean  temperature  T  (3.9).  Their  sum  vanishes  because  of  the  definition 
(3.9)  of  T  ,  thus  leaving  the  total  stress  tensor  "if  (3.14)  traceless-. 


trace  If  -  0  . 


Now  all  questions  from  the  introduction  are  answered  and  we  start  to 
establish  balance  equations  for  pressures,  temperatures,  energies  and  also 
for  masses,  momenta  and  enthalpy  in  the  next  chapter. 


(*■9) 

(  i  10) 

(3H) 


fvu) 

(3.-13) 

(1  'll) 

(3. -fir) 

h  ->*) 


3-6 


4.  Balances  for  lassea.,  loienta.  pressures.  temperatures,  energies, 
CPthalBll- 


Balance  equations  for  quantities  Ti  j  depending  on  the 
peculiar  velocities  £.;=•£•—  (£,•£)  *  ^(2.14)  and  additional 
■acroscopic  parameters  varyinfe  with * (r  4r)  read  [2] 


3L 

9t 


*i*i  4  +ni£i*i) 


i-dt;  C,  ■  (v  ir) .  — —  <f) 
i  *1  ~~y  9C  ^ 


} 


(M) 


with  the  convective  derivative 


.D 

Dt 


9_ 

9i 


f  t>-.  V 


and  the  external  forces  • 

Coriolis  forces,  thus  depend  on  *  C.  , 


If  the  latter  contain  Lorentz  and/or 
we  decompose 


(V.  1) 


<.  =  -i.A+  SL.x  C 

where  ^ ;0  is  independent  of  The  expressions  on  the  right-hand 
sides  of  *the  balance  equations  (4.1)  describe  the  collisions)  contributions. 
They  are  not  evaluated  In  this  paper. 


(ii) 


The  quantities 


do  not  depend.on  additional  macroscopic  parameters  besides  of 

Therefore  and  in  the  balance  equations  (4.1)  vanish  for 

these  quantities  and  we  obtain  the  mass  balances 


Is 

dt 


L+7.J,  =  *i(&T 

~  ~t  ’ 3  i  {  St  )  1 


the  momentum  balances 


“  P.  C.  +  C  +  «J  )  +  n  C  •  Vv 

(V*  .  \  77  /£«:  C..ytU 

i  \  Dt  ~i’j  ~i  ~i  U  Si  1  > 


and  the  pressure  (or  energy)  balances  [3] 


2_ 

9t 


4 1  it  ~i 


%  C  C  V'U 
=  *■  — Lri„  re 
J  \  St 


(*■*) 


(vs) 


(V&) 


A  symmetric  second  -.order  tensor  t  is  defined  as  half  of  the  sum  of  i 
and  its  transpose  1  i.e.  **  ** 


•=;  t  +  t 
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Half  the  traces  of  the  pressure  balances  (4.6)  yield  with  (3.7)  the 
partial  translational  energy  balances 


Scalar  multiplication  of  the  pressure  balances  (4.6)  fro*  the  left  and 
from  the  right  with  the  eigenvectors  of  4)  .  yields  balance  equations  for 
the  eigenvalues  jp*  >e  Z  4i  T-*  (2.15)  (3.1),  that  means  in 

strong  magnetic  1  field!  for  *  f>.  =  Zu))  -  ■A.X H  and 

•f).x  s=  2 14T"  ^  4.T-  Usirfg  suitable*  combinations  with  the 

aass  balances  .4) *  one  obtains  balance  equations  for  the  temperature 
eigenvalues  T.  ,  i.e.  for  T* H  and  7- J-  in  strong  magnetic  fields. 

*  i  i 

f 

rgy 

—  4  7.  (v*l.  +  %i~  C.  CL  )  t  .-Vw 

U  *  ~  l "  i  i  -1  i  )  Tf-  ~  ~ 

+(**.  _«\  ).f.Z  a«.(±3LcA‘ 

V  Dt  -J °1  i{%t  l  L1  ) 

The  sum  over  all  particle  species  taking  into  account 

-  s  0 


fs,-,  = 

( 

a 

-tc  4  V  •  ^  v  ti  4  2T  —  C .  C 1  ^  4  -g  : 


(because  of  the  definitions  (2.10)  of  V  and  (2.14)  of  C.  )  yields  the 
total  translational  energy  balance  ~  ^ 


2_ 

n 


~T<.  •?  C 

f  ‘i*  h  -i 


7  i  [Si  2  Li  ) 


To  derive  a  balance  for  the  translational  enthalpy  per  particle 

< 

Z  Z  n. 

we  decompose  the  total  energy  density  'Lo  with  (3.10)  (3.12)  as 

3  p  5  ip 

It  *  'VL - s  - —  ~ - 

zzz 

and  the  total  pressure  tensor  -jp  with  (3.14)  as 

—  'JO  ^  ~t  IT 

The  terms  with  -p  in  the  total  translational  energy  balance  (4.10)  are 
then,  with  the  mass  balances  (4,4). 

2.  s-±  4 V.v  it  -  is.  s*-£-Il  4  +  _£r 

dt  2  ~  ~  l  Vt  Dt  in  2*i  \  dt  ~  ~J  Dt 


0)4. 

£t~ 


v  •  x  /w-  -  v- )  -  2T 

f  yLl 

-  i  ~  w  . 

L  ; 

'•"i 

Dt 


(¥.4) 


(¥.9) 


(¥.¥0) 


(*■«) 


where  the  mean  number  velocity 

¥ <T  ~  T  (*■**') 

~  n  ,  J  ~i 

has  been  introduced. 
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The  enthalpy  balance  is  now 


D4L 

■w, - 

X>t 


pf> 

It 


+  V. 


rite  cA 

Li  A  -1  3 


+■  vt  tr)  ■  V  •&  -*  *  Y  —  Z  <  ‘ 


=  1  «. 

(IZ.C1 

■  J  1 

> 

\bt  i  i 

two 

terms 

can  be  written  as 

1 31 

_®jp 

Du. 

-4  £3. 

Pt 

Pi 

Vt 

^  it 

,  tell 


f*M  3) 


With  ■/ / -tt  as  the  voluae  per  particle  this  is  the  product  of  4t  with  the 
convective  change  of  the  heat  per  particle  (first  law  of  thermodynami cs )  . 
The  next  ter*  in  the  enthalpy  balance  (4.13)  is  the  divergence  of  the  total 
heat  flux  vector 


9 r  it 

~  i  * 


i- d.C* -*!«.•  C.  •Z«.(2Lc.tC 
1  j  J  '•»  i  M  i  ' 


(mv) 


the  other  teras  are  dissipative  terms.  They  _ .are  either  bilinear  in 
thermodynamic  fluxes  <*1  ( <£  -  )  }  9T  ,  £.  and  forces 
V4.  ^  or  caused  directly  by  ^orlisions. 

~  >  —  <  -j« 

According  to  the  enthalpy  balance  (4.13)  an  adiabatic  behaviour  is 
obtained  with  the  vanishing  of  the  divergence  of  the  total  heat  flux  vector 
Q  (4.14).  This  is  the  sum  of  the  partial  heat  flux  vectors 


Q.  >» 


The  first  terms  are  the  flux  vectors  for  the  translational  energies 
Xj  C*  /  Z  and  are  therefore  named  partial  translational  energy., flux 

vectors.  The  second  terms  are  the  partial  enthalpy  flux  vectors  *-*.  c. 

__  For  a  one  species  gas  the  averaged  peculiar  velocity 
C  =  <  -  tr  (2.14)  (2.10)  vanishes  and  the  heat  flux  vector  <!} 

e'quals  the  translational  energy  flux  vector  in  this  particular  case.  In^a 
mu  1 1  i  j?pec i es  plasma.  however,  the  averaged  peculiar  ^  velocities 
C.  *■  multiplied  with  the  charee  densities  .  are  the 

partial  conduction  current  densities  j.  ~  f-  v  which  *  cannot  be 

neglected  and  therefore  must  be  carried  iir*the  Expressions  (4.14)  (4.15)  for 
the  heat  flux  vectors  Q  and  4?^ 

5  Baianegs  fgr..sUegaea  and  heat  fluxea 


(t-ir) 


For  the  calculation  of  transport  coefficients  for  viscosity  and  heat 
conductivity  balance  equations  for  the  partial  stress  tensors  (3.13) 
and  the  partial  heat  flux  vectors  Q.  (4.15)  are  needed.  The  corresponding 
quantities  4  to  be  averaged  are 

'4 
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c*  c. 
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5-4T 
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They  depend  on  the  (additional)  aacroacoplc  paraaeter  T tj  The 

appropriate  balance  equations  are  special  cases  of  (4.1)  with 
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(t4) 


we  obtain  the  balances  for  the 


Putting  =  «(.  £.  £.  -  4lT  X 

partial  stresses  1  i  ~ 

rr  +vY^Jtfi.)+2V4T*;C  +H.T.  .VATX  +  «• 
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*  '  i£ 

with  the  syaaetric  third  order  partial  heat  flux  tensors 

Q  •.=  it-  (**■  C.  C  ~C.  -  34T  C  r  ) 

5  \  J  "J  ~i  ~i  -j  x  J 

which  are  related  to  the  partial  heat  flux  vectors  Q  (4.15)  by 

Q  -  4  i  r*  c&  @  ■ 

~i  1  Zi  'T 

The  definition  for  a  symmetric  third^order  tensor  ~  is  analogous  to  (4.7) 
for  a  symmetric  second  order  tensor  £-  but  now  wit'll  3!  *  6  terns  (at  nost) 
instead  of  two.  » 

.  /.  2  r  ?*-T  r 

With  Yj  s  z~  2,  the  following  balance  equations  for 

the  heat  flux  vectors  0  (4.15)  are  obtained: 
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where  again  the  definition  for  a  symmetric  fourth  order  tensor  5  is 
analogous  to  (4.7)  for  •£  but  with  4!  =  24  teras  (at  most)  instead  of  "‘two . 
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6 .  Concluding  regarfcg 

-p  <5  * 

The  tensors  fj  x«*  i  (3.13),  j  (4.15)  and  gj  (5-6)  are 

averages  of  three-aimensional  Hermite  polynomials  In  the  variables  Cj 
These  Hermite  polynomials  are  orthogonal  with  respect  to  the  weight 
functions  [4] 


(i.4) 


These  are  local  Maxwellians.  Plasmas  in  local  thermodynam i c  equilibriua  - 
see  the  description  following  eq.  (3.11)  -are  coapletely  described  by  these 
local  Maxwellians.  Consequently  t"  }  |*.  »  $4  ,  and  all  the  following 
averages  of  Heraite  polynoaials  varnish* *in  this  Tiaiting  case. 


For  plasaas  not  in  local  theraodynaaic  equilibriua  the  distribution 
f  unctions  .  5/fi.  t)  can  be  expanded  with  the  Heraite  polynoaials  and 

the_  local  * Ma^xwe  1 1  i ans  (6.1)  as  weight  functions.  Then  the  tensors 
£■>  %'  ©.  K.  etc.  are  proportional  to  the  expansion 

ct>eri i c il&ts . »^Tney  ^decrease  with  increasing  order  (because  of  the 
orthogonality).  To  close  the  systea  of  balance  equations  Grad  [4]  proposed 
to  neglect  all  tensors  of  fourth  and  of  higher  order.  To  avoid  a  too  abrupt 
truncation  he  further  proposed  to  neglect  also  the  tracefree  parts 

o  6  " 

S,  Sj  *  ~J  * 

of  the  heat  flux  tensors  W  .  (4.15). 

.  With  these  (or  siailar)  neglects 
C,  0  are  approxiaated .  Then  the 

evaluated.  This  has  been  extensively  done  by 
For  a  review  see  Schunk  [5], 

Another  approach  does  not  start  aatheaat ical ly  with  local  Maxwellians 
(6.1)  and  therefore  physically  with  ltcal  theraodynaaic  equilibrium,  but 
with  generalized  local  Maxwellians 


(6.1) 


the  distribution  functions 
collision  integrals  can  be 
Schunk  and  his  collaborators. 


( _ -'ll 

\  2*  A.  cfet  T 

'  55 


c 


c 

~2 


with  a  symmetric  temperature  tensor  T  instead  of  the  scalar 

temperature  T CCj^)  For  plasmas^ln  strong  magnetic  fields  B  the 

tensor  T  is  assumea  to  have  the  form 
a? 

I  =  T„  \l  +  tx(x-b|). 


Then  the  generalized  local  Maxwellians  (6.3)  become  the  so-called 
bi  -Maxwe 1 1  Ians 


■f  = 


i  </i 


iyZrATj  [zr-HT 


m 


e*p - 

lk\ 


-in 


The  generalized  local  Maxwellians  (6.3)  are  weight  f unct ions^*of 
bl  orthogonal  Hermite  polynomials  [6]  in  the  variables  C •  Bi -Maxwe 1 1 ians 
(6.5)  and  the  corresponding  Hermite  polynomials  havV  been  used  to 


(e.3) 


(6.Y) 


(*■5) 


approximate  distribution  functions  in  plasmas  pervaded  by  strong  magnetic 
fields.  For  a  review  see  Deiars  and  Schunk  [7]. 
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Abstract 

It  is  shown  that  low-frequency  acoustic  gravity  waves  propagating  parallel  to  the  earth' '• 
surface  satisfy  the  Korteweg-De  Vries  equation  or  the  Kadomtsev-Petv  iashvi  1  i  equation  and 
have  a  discrete  spectrum  of  group  velocities.  The  atmosphere  is  considered  to  be 
incompressible,  homogeneous  in  composition  and  isothermal  and  the  gravitational 
acceleration  deDends  upon  the  height. 

1.  Introduction 

In  recent  years  there  has  been  an  increased  interest  in  the  properties  of  internal 
gravity  waves  in  the  earth's  atmosphere  ( Ibrah im. Mostai a  M. .  1987;  Stenflo.  1986.  198f: 
Weinslock.  198*1:  Yeh  and  Liu.  1981).  This  interest  is  partially  motivated  by  the  fact  th:« 
these  waves  affect  the  refraction  index  of  the  atmosph*'r-  .m  consequently  are  relevant 
for  various  kinds  of  electromagnetic  wave  propagation  ^ : auio-aslronomy .  VLBI  etc.) 

Due  to  the  exponential  growth  of  the  amplitude  of  internal  waves  in  the  earth's 
atmosphere  with  height,  non-linear  behaviour  is  likely  to  L«_  expected.  For  this  reason  we 
have  investigated  the  characteristic  non-linear  equations  that  govern  low-frequency 
internal  gravity  waves  in  an  incompressible  isothermal  atmosphere  that  is  homogeneous  in 
composition  and  in  which  the  gravitational  acceleration  depends  upon  the  height. 
Furthermore  we  use  the  hydrostatic  approximation,  which  is  valid  in  the  low-frequency 
regime  we  have  studied.  We  adapt  this  approximation  in  such  a  way  that  dispersion  is  not 
neglected  entirely  as  is  usually  done  in  this  approximation. 

We  have  found  that  low-frequency  internal  gravity  waves  that  propagate  parallel  to  th 
surface  of  the  earth  should  satisfy  the  well-known  Korteweg-De  Vries  equation  (in  one 
space  dimension)  and  the  so-catied  Kadomtsev-Petviashvi l i  equation  (in  two  space 
dimensions).  These  equations  apply  to  the  horizontal  and  lime  variations  of  the 
disturbance.  The  vertical  variation  is  described  by  Coulomb-wavefunct.  ions . 

Starling  points  are  the  equation  of  motion,  the  continuity  equation  and  an  equation  o 
state.  We  have  used  spherical  coordinates  that  have  been  modified  in  order  lo  describe 
wave  phenomena  with  wavelengths  that  are  assumed  to  be  small  with  respect  to  the 
circumference  of  the  earth.  So  maximum  wavelengths  of  several  hundreds  of  kilometers  are 
acceptable.  The  non-linear  wave-equations  were  obtained  in  a  rigorous  way  using  reductive 
perturbation  technique.  A  discrete  spectrum  of  group  velocities  for  these  waves  is  found. 
Finally  the  modifications  due  to  a  compressible  atmosphere  are  discussed. 


2.  Basic  equations 

Atmospheric  wave  motion  is  usually  described  by  making  use  of  the  equations  of  c.onlinuii; 
^  +  v-Vp  =  0.  (la) 


f  v*vjv  *  -  vp  *  P£. 


ill,'; 

(Iri 


where  p,  p.  v.  and  g  denote  respectively  mass  density,  pressure,  fluid  velocity  and 
gravi  tat ional  acceleration  . 
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When  the  atmosphere  is  In  equilibrium,  (lb)  reads  (in  spherical  coordinates): 


dp 

af  ‘  pog(r)  =  »■ 


where  pQ  and  pQ  are  the  equilibrium  pressure  and  mass  density  and  r  is  the  distance  to  the 
center  of  the  earth.  The  gravi tat ional  acceleration  is  given  by: 


(3) 


where  R  is  the  radius  of  the  earth  and  g  is  the  gravitational  acceleration  on  the  surface 

o 

of  the  earth.  From  (2)  and  (3)  togather  with  the  law  for  an  ideal  gas.  i.e. 


P 


o 


KT 


(«) 


where  K  is  the  Boltzmann-constant.  T  is  the  temperature  of  the  atmosphe.e  and  m  is  the 
mean  molecular  mass,  we  obtain  for  the  equilibrium  mass  density 


KlR-r3H-i 

r  o  ‘ 


(5) 


where  p  is  the  mass  density  on  the  ear thsurface.  H  =  (KT)/(mg  )  and  m  and  T  are  assumed 
oo  o  o 

to  be  constant. 


3.  The  hydrostatic  approximation 

Since  we  consider  low-frequency  acoustic  gravity  waves,  i.e.  acoustic  gravity  waves  with 
frequencies  considerably  smaller  than  the  Brunt-Vaisala  frequency  where 


2  6. 
wb  =  H' 


(6) 


we  can  use  the  so-called  hydrostatic  approximation  (Cili,  1982). 

In  this  approximation  the  pressure  at  any  point  is  approximated  by  the  weight  of  a 
unit  cross-section  of  air  above  that  point.  In  formula 


2R  . 
dr 


(?) 


This  means  that  in  the  hydrostatic  approximation  the  vertical  acceleration  in  (lb)  is 
neglected.  This  will  turn  out  to  be  essential  in  the  derivation  of  a  non-linear 
wave-equation  for  acoustic  gravity  waves. 


4.  The  Korteveg-De  Vries  equation 

Equations  (1)  read  in  spherical  coordinates  with  d/d*p  chosen  to  be  zero 


Se  ♦  “  §£  ♦  „  §£  =  o 

dt  r  d8  dr 


,d^ud  d  .  1  <3d  _ 

pi  +  —  *  w  3— )u  +  —  -£r  =  0. 

dt  r  d0  dr'  r  d9 

,  d  u  d  d  y.  dp 

p(  oZ  *  F  ae  *  "  eF>"  +  £  *  gp  =  °' 


1  a  ,  2  . 

lSr*r  "> 


-1 -  —  [u  sin(0)3  =  0. 


r  sin(0)  30 

where  u  is  the  azimuthal  and  v  is  the  radial  velocity. 


(8a) 

(8b) 

(8c) 

(8d) 


4-.? 


The  kind  of  waves  we  are  considering  have  dimensions  that  are  much  smaller 
circumference  of  the  earth.  Therefore 


sin(O)  »  u  [since)], 
and  (8d)  yields 


(9) 


dw  2  1  du  n 

—  +  -w  +  — ^  =  0. 

dr  r  r  d0 


We  choose  r  and  r*sin(0)  as  new  independent  variables,  so  that 


( ; 


-—i 

r  3x  I 


(  IUs) 


d_> 

ctx 


Because  in  our  problem 


we  can  approximate  (10)  by 

Hr  hi- 


(I  Or 


Hi, 


When  we  use  (12).  (8)  becomes 

+  pux  *  pw^  =  0. 

p(u^  +  uu  *  wur)  +  Px  =  0. 

J>(w  f  uw  *■  ww  )  *  p  ♦  gp  =  0. 


( 1  ■<.«  I 


u  =  0. 


i  i  m  i 


where  subscripts  denote  differentiations  and  u  is  now  the  x-component  of  the  velocity 
To  derive  a  non-linear  equation  for  acoustic  gravity  waves  we  will  use  a  technique 
that  is  commonly  used  in  studying  long,  non-linear,  unidirectional  waves  (Dodd.  1982). 

This  technique  is  called  reductive  perturbation  technique  and  combines  expansion  of  the 
dependent  variables  in  terms  of  a  perturbation  parameter  with,  at  the  same  time,  rescaling 
of  the  independent  variables. 

Using  this  method  we  choose  following  new  independent  variables 


where  a  is  a  certain  speed  and  t  is  a  small  parameter  (c<<!). 
The  dependent  variables  arc  expanded  as  follows 


(Ha) 


L-  =  I  >  <  p  +  (,  p  *■ 


(ir?a) 
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•  =  1  -f  t  p  +  fc  p  +  - 


(15b) 


(15c) 


Equations  (14)  and  (15)  are  substituted  in  (13).  We  adapt  the  hydrostatic  approximation  in 
a  way  that  terms  that  correspond  to  vertical  acceleration  are  assumed  to  be  of  an  order  in 
c  smaller  than  other  terms  in  (lb).  We  now  find  the  following  equation  for  terms  of  the 
first  order  in  £ 


R2  -1 

aplf  *  "l  =  °- 


uie  "  eoHopif  =  °' 


(16a) 

(!0bj 


g  H  p 


R2  R2  . 

'  P.  +  -cS„P,  =  0. 


o'V'lr  2soFl  "  2-0^1 


(16c) 


“lr  *  F“l  +  ulf  =  °' 

Where  we  have  used  the  fact  that 


(16d) 


-I  a°o  H-1  R2 
Po  ~  *  Ho  ~2 


(17) 


Equations  (16)  yield  the  following  differential  equation  for  w 


2  R_  u-1 
r  2  Ho 


To  solve  this  equation,  we  define  functions  Wj(£,t)  and  h(r)  as 

T)  =  hfrjw^f.r).  (19) 

The  function  h(r)  has  to  satisfy  the  same  differential  equation  as  Wj(f.r.T)  (i.e.  (18)). 
The  solution  for  h(r)  that  remains  finite  for  r  to  infinity  is 


h( r )  =  a* exp 


(20) 


where  Fj(n.“)  is  a  Coulomb-wave function  (Abramowitz  and  Stegun,  1972).  a  is  an  integration 
constant  and 


n  =  R2(H  I.)  1 .  (22) 


The  boundary  condition 


Vf-r=*.T)  =0. 

due  to  the  Infinitely  stiff  earth  surface  implies  that 


(23) 


F,(rj.£)  =  0.  (24) 

This  equation  determines  discrete  values  for  the  velocity  a  that  are  possible.  Notice  that 
both  Tj  and  u  contain  a.  Therefore  (24)  is  quite  d^ff'-ult  to  solve. 

Another  point  of  interest  is  that  in  the  usual  flat-earth  linear  theory  there  is  but 
one  mode  that  does  meet  the  condition  of  zero  vertical  velocity  at  the  surface  of  the 
earth,  under  the  isothermal,  windfree  conditions  assumed  here,  and  that  is  the  Lamb  mode 
with  horizontal  speed  of  propagation  equal  to  the  speed  of  sound.  An  important  difference 
between  the  modes  determined  by  (24)  that  satisfy  this  condition  and  the  Lamb  mode  is  that 
for  the  Lamb  mode  the  vertical  velocity  is  zero  for  the  whole  atmosphere  and  that  is 
certainly  not  true  for  the  modes  determined  by  (24). 


We  now  proceed  with  the  equations  for  terms  of  the  second  order  in  d  to  determine  w  (f.r) 


These  equations  are 


2  2 

plr  '  ap2f  -  ^o‘w2  -  Vo  plV  UlPlf  +  Vlr  3  °- 


V  •  au2f  +  VlJ  +  Vlr  +  goHoP2f  =  °- 


R2  R2 

+  eoHop2r  -  '2®op2  +  ~l*op2  3  °' 


(25a) 

(25b) 

(25c) 


2r  r  2  u2f" 


(25.1) 


Solving  p££  from  (25a).  p2g  from  (25b)  and  substituting  these  two  in  (25c)  gives,  together 
with  (25d),  an  equation  for  u^.w^.p^  and  w^.  From  this,  equation  Pj  and  Uj  can  be 
eliminated  by  using  (16a)  and  (16d).  We  then  obtain  the  following  equation  for  *2  : 


2rr 


2  51  u"1 

r  2  o 


.2  -2  R4  2R2„-I  2 

w  +  k)  a  ~r  -  -=r-H - ~ 

2r  bo  4  3  o  2 


_  2  -3  R  ,  ~  ,  -1-  - 

*2  =  *  ^bo3  -«h  hr  *  3  Vl£ 


2  -2  2R 
bo  5 


(26) 


where  <p ^  =  w{ . 

—2  2 

Vfhen  we  multiply  (26)  with  hr  exp[R  /HQr)]  and  integrate  from  r  =  R  to  infinity,  the 
left  hand  side  of  th<s  equation  is  zero.  So  the  right  hand  side  of  the  equation  has  to  be 
zero  too.  Thus  we  obtain  the  final  result 


Vir  *  Vi'hf  *  VifK  3  °' 


(27) 


where 
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Equation  (27)  is  the  well-known  Korteweg-de  Vries  equation  (Korteweg  and  De  Vries.  I89S) 
in  our  model  we  did  not  take  any  dissipative  effects  into  account  and  consequently  the 
waves  extend  ad  infinitum,  which  is  also  the  case  in  ordinary  linear  theory.  In  order  to 
obtain  a  more  realistic  value  of  the  integrals  in  (27).  one  can  integrate  from  R  to  the 
height  where  these  dissipative  effects  become  dominating. 


5.  The  Kadomtaev-Petviashvil 1  equation 

In  the  preceding  we  have  assumed  that  differentiations  with  respect  to  y  are  zero.  That 
means  that  the  acoustic  gravity  wave  is  uniform  in  that  direction.  If  we  abandon  this 
assumption  we  find  another  non-linear  wave-equation. 

We  now  assume  the  velocity  in  the  y-direction,  i.e.  v.  to  be  considerably  smaller  than  the 
velocities  in  the  x-  and  r-direction.  i.e.  u  and  w.  With  this  assumption  the  equations  for 
the  terms  of  the  first  order  in  e  are  still  given  by  (16).  From  the  equations  for  the 
terms  of  the  second  order  in  e.  only  (25d)  changes  into 


u2£  ly 


(28) 


where  v,y 


follows  from  the  y-component  of  the  momentum  equation. 


i.e. 


av.  =  g  H  p.  .  (29 

ly  &o  oKly  v 

Equations  (16).  (25).  (28)  and  (29)  yield,  in  the  same  way  as  in  the  preceeding  section 
the  so-called  Kadomtsev-Petviashvil i  equation.  (Kadomtsev  and  Petviashvi 1 i .  1970) 


(■,*1.  + 


'2Vl5  *  Vlfff's  +  ^Vlyy  =  °- 

and  1^  are  still  given  by  (27). 


(30) 


6.  A  compressible  atmosphere 

Atmospheric  wave  motions  in  a  compressible  atmosphere  are  usually  described  by  using  the 
equations  of  momentum  and  continuity,  together  with  an  equation  of  state  (e.g.  Yeh  and 
Liu.  1972) 


§f  *•  V-(pv)  =  0. 

(31a) 

+  v-yv  =  -  Vp  +  pg. 

(31b) 

p(ft  -  rDfpp'b  =  o. 

(31c) 

where  7  Is  the  ratio  of  specific  heats. 
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In  the  same  way  we  obtained  (16)  we  now  find 


R2  -1  2 

-aplf  -  “A  W1  +  wlr  +  r-1  +  ulf  *  °- 


"aulf  *  goHoPlf  =  °' 


2  2 

goHoplr  -  Wl  +  Wl  =  °' 


'a(goHoplf  -  +  *  °- 


(32a) 

(32b) 


(32c) 


(32d) 


The  differential  equation  (18)  becomes 

Wj  =  0.  (33) 

2  2  2 
where  u  =  g  (-»-l)/c  . 
go  &ov  ’ 

Notice  that  when  •>  goes  to  infinity,  i.e.  the  atmosphere  becomes  incompressible  and 
the  speed  of  sound  goes  to  infinity,  that  (33)  reduces  to  (18)  and  u  q  approaches  i.'^. 
The  solutions  of  (33)  are  of  the  same  type  as  those  of  (18).  Instead  of  (25)  we  now 

f  ind 


w,  + 

.2  a-2  -  211-^)R--  H-1  -  2 

r  2  o 

r 

lr 

go  r4  r3  o  r2 

2  2 

p|r  -  ap2f  -  -  VoV,  "  +  w1p1t  +  w2r  +  4*2  *  u2f  +  plwlr  *  T’Vl 


+  PlUlf  =  °- 


“ir  -  au2£  *  Vlf  +  Vlr  +  goHoP2f  =  °' 


(34a) 

(34b) 


-,wlf  +  goHcP2r  -  Vop2  *  Vop2  =  °' 


(34c) 


<.goHoplr  -  c\t>  ‘  a<goH0p2?  -  c2p2?  +  cZplplf  -  1goHo'plpl>f>  +  ul'goHoplf  '  ^If1 

2  2 

+  VsoHoplr  '  c2plr>  +  (3-1','l(goHopl  "  c2pl}  Vo'  +  =  °'  '3,ldl 


Proceeding  in  the  same  way  as  we  did  for  the  incompressible  atmosphere  we  find  from  (34) 
an  equation  that  differs  from  (27)  only  in  the  value  of  Ij-  The  integral  then  becomes  a 
significantly  more  complicated,  but  nevertheless  calculable  expression.  Within  the 
assumptions  that  have  been  made,  the  only  physical  consequence  is  that,  beside  of  the 
correction  of  the  Brunt-Vaisala  frequency,  the  strength  of  the  non-linearity  in  the 
Korteweg-De  Vries  equation  changes.  This  however  can  be  accounted  for  by  a  rescaling  of 

the  dependent  variable  <p  in  (27). 


7.  Remarks 

The  constant  a  in  (20)  can't  be  chosen  arbitrary  because  the  reductive  perturbation 

technique  is  only  valid  for  weakly  non-linear  problems.  When  a  is  too  large  the  solutions 

of  our  problem  would  not  satisfy  this  starting  condition  that  the  ratio  of  the 

perturbation  and  the  equilibrium  quantities  has  to  be  of  order  c. 

From  (21)  we  see  that  when  |a|  >  t>  is  imaginary.  However,  for  an  imaginary 

argument,  the  Coulomb-wavefunctions  do  not  possess  any  zeros.  In  that  case  it  is  not 

possible  to  satisfy  the  boundary  condition  (23).  Therefore  |a|  has  to  be  smaller  than 

2H  w.  .  It  is  interesting  to  notice  that  this  is  also  the  maximum  group  velocity  for 
o  bo 
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gravity  waves  as  it  follows  from  the  dispersion  relation  for  the  linearised  eqs.  (1).  This 
maximum  group  velocity  is  in  turn  smaller  than  the  sound  speed  *jKT/m. 

A  solution  of  (30)  is  (Dodd,  1982) 

■^®1/3e“h',{(*,/2/2)[[q]1/3£-ATt*]}-  !35) 

where  A  and  are  arbitrary  real  constants. 

Therefore  we  find  for 


=  2?r — Id  exp(- 


{( A1/2/2) 


where  we  have  used  (19). 


(36) 
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DISCUSSION 


G.Rostoker 

Is  there  a  physical  justification  for  the  assumption  that  bft  —  0(1),  or  was  it  a  necessary  assumption  in  order  for  the 
equations  to  be  analytically  soluble? 

Author’s  Reply 

To  both  questions  the  answer  is  yes.  We  need  this  assumption  to  solve  the  equations,  but  there  is  also  a  physical 
justification  for  this  assumption. 

In  the  field  of  non-linear  wave  propagation,  both  experimentally  and  theoretically,  it  is  well  known  that  when  we  have 
dispersion  and  also  non-linearity  a  balance  will  be  created  between  these  two  things  for  long  waves.  Long,  in  this 
context,  means  waves  with  horizontal  wavelengths  larger  than  the  scale  height  (H)  of  the  atmosphere.  Balancing  these 
two  effects  is  exactly  the  consequence  of  assuming  6fe  to  be  of  order  one. 

We  can  physically  justify  this  assumption  also  by  saying  that  we  are  studying  waves  for  which  rf/c,  i.e.  (2//u ;0/c)2c-]  = 
is  of  order  one;  so  waves  for  which  the  characteristic  frequency  is  of  the  order  This  frequency  range 

is  indeed  the  one  for  the  long  internal  gravity  waves  we  are  studying. 


K.C.Yeh 

(a)  In  one  of  your  transparencies  you  show  possibilities  of  three  nonlinear  wave  processes.  Of  course,  since  we  are  dealing 
with  the  same  set  of  hydrodynamic  equations,  at  a  given  environment,  there  can  be  only  one  physical  phenomenon. 
Can  you  describe  the  conditions  under  which  your  condition  for  propagation  of  a  solitary  wave  will  manifest? 

(b)  In  response  to  my  question  (a),  you  seem  to  indicate  that  the  excitation  of  solitary  waves  depends  only  on  the 
source  conditions.  Is  this  true? 

Author’s  Reply 

(a)  In  general,  it  is  quite  difficult  to  say  when  acoustic  gravity  waves  will  be  excited.  We  expect  these  waves  to  manifest 
when  we  have  some  source,  which  excites  internal  gravity  waves  with  a  frequency  that  is  considerably  smaller  than  the 
Brunt- Vaisala  frequency  (though  not  too  small  because  then  the  rotation  of  the  earth  becomes  important  and  we  have 
neglected  this  rotation).  These  waves  have  been  observed  experimentally,  generated  by  Tsanumi  waves  or  ionospheric 
substocms.  They  also  have  been  observed,  e.g.,  above  Australia,  but  the  source  was  not  detected. 

(b)  When  there  is  a  source  generating  internal  gravity  waves  with  the  considered  frequencies  in  a  more  or  less  horizontal 
direction,  the  only  other  condition  for  the  formation  of  the  solitary  waves  considered  by  us  is  the  condition  that  we 
can  consider  the  medium  to  be  infinite  in  the  direction  parallel  to  the  surface  of  the  earth. 
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GLPEAL  IONOSPHERIC  DYNAMICS 


K .  Rawer 

Albert-Ludwigs-Universitat 
E-78oo  Freiburg 
Fed.  Rep.  of  Germany 


SUMMARY 


Plasma  being  a  minor  constituent  in  planetary  atmospheres  its  motion  is  narrowly 
linked  with  that  of  the  neutrals  as  long  as  collisional  coupling  between  neutral  and 
charged  particles  is  strong^i.e.  in  the  lower  layers.  At  greater  heights,  however,  both 
constituents  are  more  and  more  decoupled  and  may  move  separately  whenever  forces  are 
present  which  do  only  act  upon  charged  particles,  i.e.  electric  or  magnetic  fields. 

The  most  important  difference  between  known  planetary  ionospheres  is  the  absence 
or  presence  of  a  general  magnetic  field.  Ahile  in  the  first  condition  the  plasma  moves 
freely,  a  magnetic  field  cannot  provoke  plasma  motions  of  its  own  but  restricts  the  mo¬ 
tions  provoked  by  other  forces  to  one  in  either  the  direction  parallel  to  the  magnetic 
field  -  so  for  mechanical  forces  -  or  perpendicular  to  it  -  for  electric  forces.  So,  the 
motion  patterns  depend  largely  on  the  prevailing  forces. 

In  this  respect,  largely  different  conditions  are  found  in  the  terrestrial  iono¬ 
sphere  according  to  magnetic  latitude.  While  at  mid-latitudes  mechanical  forces  mainly 
provoked  by  neutral  winds  are  most  important,  electric  forces  cannot  be  neglected  at  low 
and  high  magnetic  latitudes.  Apart  from  such  large  scale  motions,  one  observes  also  many 
small  scale  motions  of  more  or  less  wave-like  character,  in  particular  internal  gravity 
waves  due  to  different  causes.  It  is  not  always  easy  in  local  measurements  to  separate 
these  localized  motions  from  the  large  scale  patterns. 

There  exist  different  methods  for  observing  plasma  motions  in  the  terrestrial  iono¬ 
sphere.  Unfortunately,  all  of  these  can  only  be  applied  with  some  caution.  Also,  the  spa¬ 
tial  and  temporal  density  of  such  local  observations  is  unsatisfactory.  Satellites  could 
not  yet  produce  large-scale  surveys  either,  but  observations  relying  on  aircraft  have  al¬ 
lowed  regional  studies  to  be  carried  our  at  least. 

1  .  INTRODUCTION 


Everywhere  in  the  terrestrial  ionosphere  the  ionized  components,  electrons  and 
ions,  are  minor  constituents.  Provided  coupling  with  the  neutral  particle  population  is 
strong,  the  ionized  populations  are  carried  with  the  neutral  wind,  coupling  being  due  tc 
frequent  collisions.  In  that  situation,  "plasma  dynamics"  is  identical  with  atmosphere 
dynamics.  So,  at  lower  altitudes  we  do  not  have  separate  motions  of  the  ionized  compo¬ 
nents.  These  latter,  therefore,  can  be  used  as  "tracers"  of  the  neutral  motion.  This  is, 
for  example,  done  when  determining  the  motion  of  the  ionized  traces  of  meteors  with  ra¬ 
dio  methods.  The  height  range  where  collisional  coupling  is  strong  certainly  covers  the 
mesosphere  and  reaches  up  to  about  the  loo  km  level. 

In  the  upper  height  range,  where  collisions  are  less  frequent,  the  motion  of  the 
ions  can  be  different  from  the  neutral  motion.  The  free  electrons,  however,  are  not  so 
free  that  they  could  move  independently.  Since  their  mass  is  small  compared  with  that  of 
the  ions,  these  latter  easily  pull  the  electrons  with  them.  Thus,  ionospheric  dynamics 
essentially  means  motion  of  ions. 

Of  course,  above  the  loo  km  level,  coupling  with  neutral  motions  is  of  great  im¬ 
portance  too.  Momentum  transfer  from  neutral  particles  is  still  a  most  important  force. 
However,  in  that  upper  height  range  electric  and  magnetic  forces  also  influence  the  ion 
motion  such  that  the  effective  motions  might  differ  from  the  direction  of  the  average 
momentum  transfer,  i.e.  from  neutral  wind  or  from  neutral  oscillatory  motions  as  occur, 
for  example,  in  gravity  waves. 

Let  us  first  consider  an  atmosphere  in  which  electric  and  magnetic  forces  play  a 
minor  role.  Venus  is  a  good  example.  Energy  input  by  solar  wave  radiation  occurs  on  the 
daylight  side  where  a  pressure  'High'  forms  near  the  noon  meridian.  Pressure  gradient 
forces  are  riirce  +  e''  -  ;■  f"-"  ♦be  "noon  bulge".  i.*>.  they  must  point  towards  the  "termi¬ 

nator".  So,  the  neutral  monon  is  mainly  zonal,  neutrals  and  plasma  move  together.  There¬ 
fore,  (at  lower  latitudes  at  least)  we  have  an  eastward  wind  in  the  morning  and  a  west¬ 
ward  one  in  the  afternoon.  The  plasma  is  carried  with  these  winds  so  that  the  night- 
side  of  the  planetary  ionosphere  receives  an  influx  of  ions  and  electrons  from  both  si¬ 
des.  Both  fluxes  collide  at  the  midnight  meridian  where  the  ordered  motions  are  stop¬ 
ped,  their  kinetic  energy  reappearing  as  heat. 

Plasma  measurements  in  the  Venus  ionosphere  were  carried  out  aboard  NASA's  Venus 
Orbiter  with  a  "retarding  potential  analyzer"  (Knudsen  et  al . ,  1979,  198o,  1981).  On  the 
day  side  ion  velocities  (towards  the  terminator)  as  large  as  lo  km/s  were  measured.  On 
the  night  side  the  Venus  ionosphere  has  much  lower  density  than  by  day,  but  the  tempera¬ 
ture  vs.  height  profile  remains  the  same  as  on  the  day  side  -  except  for  the  midright  me¬ 
ridian,  where  the  highest  ion  temperatures  were  found  (Figure  1).  These  findings  are  in 
agreement  with  the  explanation  given  above. 


Another,  typical  feature  of  the  Venus 
ionosphere  is  the  fact  that  it  is  scarcely 
protected  from  the  solar  wind.  This  latter 
reaching  down  to  a  few  too  km  above  surface, 
it  acts  as  an  important  heat  source  at  the 
top  of  the  Venusian  ioncphere. 

Tlanet  Earth,  unfortunately ,  has  quite 
different  conditions  than  Venus  has: 
t-  Earth  rotates  quite  fast  (while  Venus  has 
a  rotation  period  of  2 43  d).  Therefore, 

Cor iol is-forces  are  quite  important  (in 
the  usual,  "Earth-bound1',  frame). 

2-  Earth  has  an  important  magnetic  field,  B, 
which  has  three  main  effects:  (i)  It  is 
a  shield  against  the  solar  wind;  (ii)  it 
has  a  strong  effect  on  plasma  motions  of 
all  kinds  (except  the  "field-aligned" 
ones);  (iii)  in  the  presence  of  an  elec¬ 
tric  field,  E,,  it  provokes  a  crossfield 
drift,  E  X  B/B*  (of  same  direction  for 
charges  of  Soth  signs). 

Since  the  magnetic  field  exerts  a  "gui¬ 
ding"  action  on  plasma  motions,  mechanical 
forces  can  only  shift  the  plasma  along  the 
field  lines,  not  across.  This  holds  as  long 
as  the  free  path  of  the  ions  is  much  greater 
than  the  length  of  the  gyro-circle,  i.e. 
when  the  ion  gyro  frequency  is  much  higher 
than  their  collision  frequency. 

Coupling  with  neutral  atmosphere  wind 
is  by  collisions  of  neutral  molecules.  In 
the  average  of  many  collisions  these,  final¬ 
ly,  shift  the  plasma  as  whole,  up  or  down 
the  fieldline.  This  fact  has  a  striking  ef¬ 
fect  on  the  plasma  motions  provoked  by  pres¬ 
sure  gradients:  zonal  motions  are  suppressed 
while  meridional  ones  are  allowed.  In  the  magnetic  meridian  plane  plasma  transport  only 
can  occur  along  the  fieldlines.  Therefore,  in  spite  of  the  fact  that  they  are  situated 
cn  different  hemispheres,  the  ionospheric  conditions  at  magnetically  conjugate  [oints 
can  be  stronger  coupled  than  at  neighbouring  locations. 


in  the  Venus  ionosphere,  ordered  after  the 
solar  zenith  angle:  numbers  1  ..  3  day, 

4  ..  6  night;  6  is  near  the  anti-solar  me¬ 
ridian.  (Courtesy:  u.C.  Knudsen  and 
k .  Epenner). 


Such  reasouning  applies  to  all  non-electric  forces.  The  motions,  such  forces  intend 
to  provoke,  are  turned  around  by  the  magnetic  field  that  exerts  a  Lorentz-force  onto 
any  moving  charge.  The  ions  do,  therefore,  move  on  helical  orbits  around  the  fieldline, 
they  cannot  come  away  from  it  except  when  collisions  are  frequent  enough.  <*uite  different 
is  the  effect  of  an  external  electric  field.  The  field  component  parallel  to  the  magnetic 
field  provokes  an  acceleration  in  tha :  direction,  proportional  to  E,t  .  Cn  the  other  hand, 
we  have,  of  course,  the  E  X  b/T/  drift  shifting  ions  and  electrons  across  the  magnetic 
field  lines.  In  particular,  electric  fields  in  the  meridional  plane  provoke  a  zonal  mo¬ 
tion  of  the  plasma.  And  vice  versa:  whenever  a  zonal  plasma  motion  is  observed,  we  con¬ 
clude  that  there  must  be  an  electric  field  present.  This  is  the  only  exception  from  the 
otherwise?  "field-aligned"  plasma  motion. 

The  field-aligned  motion  of  ions  in  the  terrestrial  magnetic  field  produces  a  cha¬ 
racteristic  fibrous  structure  of  the  ionospheric  topside  plasma.  Since  diffusive  ex¬ 
change  is  hindered  in  cross-field  directions,  an  inhomogeneous  horizontal  density  distri¬ 
bution,  when  existing  at  the  base  level,  must  reproduce  itself  at  greater  heights.  This 
"spaghetti"  structure  is  the  reason  why  whistlers  often  propagate  on  different  neigh¬ 
bouring  "orbits"  so  that  multiple  traces  appear  in  sonagrams.  Since  the  "spaghettis"  are 
well  conducting,  electrically  the  medium  behaves  like  a  bundle  of  parallel  wires,  insula¬ 
ted  against  each  other,  such  that  crosswise  conduction  is  quite  poor. 


2.  REACTION  TO  EXTERNAL  MECHANICAL  FORCES 
2 . 1  Gravity,  Sedimentation,  Li ffvsion 

There  were  no  atmospheres  \ylthout  gravity.  It  is  the  reason  of  sedimentation  which, 
together  with  thermal  diffusion,  determines  the  atmospheric  structure.  The  motion  of  an 
individual  neutral  particle  between  subsequent  collisions  is  free.  The  mean  free  path  in¬ 
creases  with  increasing  altitude  from  about  1  m  around  the  loo  km  level  to  1  km  around 
3oo  km  and  more  than  loo  km  in  the  exosphere.  There,  the  air  molecules  that  have  a  posi¬ 
tive  vertical  velocity  component  perform  extended  parabolic  orbits,  coming  down  with  the 
same  kinetic  energy  but  inverted  vertical  component. 

Not  so  for  ions.  Since  these  are  bound  to  their  magnetic  fieldline,  they  move  up 
and  down  that  line,  or,  if  their  kinetic  energy  is  high  enough,  they  reach  the  peak  of 
the  fieldline  and  come  down  in  the  other  hemisphere.  In  order  to  do  so  -  Recording  to 
the  L-value  -  a  proton  needs  a  kinetic  energy  between  .1  and  .3  eV .  (An  0  ion  needs  16 
times  more;  that  energy  cannot  be  acquired  without  special  acceleration,  e.g.  by  electro¬ 
dynamic  forces). 
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As  a  transport  process,  diffusion  -  in  a  gravity  field  -  tends  to  achieve  sedimen¬ 
tation,  individually  for  each  atmospheric  component.  The  relevant  scale  height  depends 
on  the  component  mass  and  temperature.  As  for  plasma  components,  however,  electrons  are 
not  independent  from  ions,  because  strong  electrostatic  forces  build-up  between  charges 
of  both  signs.  On  the  other  hand  -  except  for  lower  heights  where  collisional  coupling 
is  important  -  the  different  ion  species  find  their  distribution  independently  from  each 
other.  The  mechanism  is  explained  by  Figure  2a. 

There  is  one  important  difference  against  the  neutrals:  ionized  components  are  not 
a  stable  population  because  they  disappear  by  recombination.  This  latter  is  almost  neg¬ 
ligible  at  greater  heights  but  quite  frequent  in  the  lower  thermosphere.  So,  this  lower 
height  range  is  a  plasma  sink;  in  the  net  average,  there  is  a  downward  p  asma  flux  with 
plasma  annihilation  at  the  base  of  the  ionosphere  (in  spite  of  the  very  i  portant  day¬ 
time  ion  production  at  that  level).  Thus,  different  from  the  stable  neutraA  components 
for  which  the  component  density  increases  mono toneously  downwards,  the  ion  populations 
exhibit  a  drastic  decrease  at  the  base  of  the  ionosphere. 


Up  7  "V .  Down 


Figure  2.  Transport  mechanisms  in  the  F- 
region  tv  (a)  diffusion:  shape  1  toward 
sfr-pe  2  /velocities  appear  as  arrows/; 

(b)  momentum  transfer  from  a  neutral  (ho- 
lizont&l)  wind,  u:  ions  move  with  v$ ; 

(c)  electric  fieTd,  E,  causing  a  cross¬ 
field  drift  E  X  B/B  .  is  therefore 

vertical  at  the  magnetic  equator ,  where 
£  is  horizontal)  (Rawer,  1964). 


s 


Solstice 


Figure  3.  Crude  maps  of  exospheric  tempera¬ 
ture  inferred  from  incoherent  scatter  data 
at  and  45°H.  (ialdteufel  et  al . ,  1969). 


2.2  Neutral  .-■inds 

Momentum  transfer  from  the  neutral  components  is  the  most  important  mechanism  of 
plasma  transport,  p.articul  rly  at  middle  heights  and  latitudes.  Lince  each  ion  is  -  more 
or  less  -  fixed  to  its  magnetic  fieldline,  the  only  large-scale  induced  motion  is  along 
that  fieldline,  whether  it  is  ’’up"  or  "down"  depends  on  the  configuration  -  as  shown  by 
Figure  2b.  This  is  a  mechanism  explaining  a  large  part  of  the  observed  variations  of  io¬ 
nospheric  peak  parameters.  Note  that  shifting  down  means  strengthening,  shifting  up  wea¬ 
kening  of  ion  recombination  (Kohl  and  King,  1965;  Kishbeth  pt  al . ,  1965). 

In  this  context  it  is  important  to  know  the  neutrai  winds.  Earlier  computations 
used  exospheric  temperature  maps  as  given  in  CIRA-72.  Inverting  the  above  considerations, 
temperature  maps  were  also  derived  from  ion  temperatures  obtained  with  the  incoherent 
scatter  technique  (Figure  3).  In  all  these  maps,  a  strong  diurnal  tidal  component  should 
be  the  most  important  feature.  The  observations,  however,  show  a  more  involved  pattern, 
in  which  the  semi-diurnal  components  are  quite  strong  (Figures  4  to  6).  Comparable  tidal 
effects  were  also  detected  in  the  composition  of  the  neutral  atmosphere  (Hedin  et  al., 
19&o). 


In  the  lower  thermosphere,  other  methods  of  observation  can  be  used:  tristatic  ob¬ 
servations  of  sound  propagation  from  rockets,  Radar  following  of  artificial  tracers 
("chaffs")  and  of  natural  ones  (plasma  irregularities,  meteor  trails,  airglow  features). 
In  the  recent  time,  the  meteor  Radar- technique  is  applied  at  many  mid-latitude  stations. 
These  observations  revealed  a  constant  ("prevailing")  component  upon  which  the  tides  are 
superimposed,  see  Figure  4.  The  prevailing  component  achieves  world-wide  transport  from 
the  summer  to  the  winter  hemisphere  (Figure  7)  so  that  it  exhibits  a  strong  seasonal  in¬ 
fluence  (Figure  8). 

All  together,  the  height  vs.  latitude  patterns  are  quite  involved  (Figure  9).  An 
unexpected  detection  was  a  quasi-periodic  variation  with  about  two  days  period  (Figure 
1 o ) ;  it  is  explained  as  a  higher  order  zonal  wave  (Kalchenko,  1987). 

Tidal  winds  are  produced  by  solar  heating  on  the  one  hand,  and  by  upward  energy 
transfer  from  perturbations  at  tropo-  and  stratospheric  levels  on  the  other  (see,  e.g., 
Forbes,  1987). 
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Figure  4.  Height  profiles  of  tidal  components:  crevailing  -  diurnal  -  semi-diurnal 
/velocity  at  left,  phase  at  right  hand  side/,  (a;  Average  for  notherly  wind  (southward 
wind  vector),  (b),  (c)  Amplitude  of  rotating  wind  (phase  =  time  of  northward  maximum). 

1. educed  from  a  set  of  24. ^oo  meteor  echoes  at  Kyoto  (Japan)  between  2o  July  and  7  August 
1978  (Aso  et  al.,  1980). 


Figure  5.  Typical  seasonal 
height  profiles  of  neutral 
winds  inferred  from  semi- 
empirical  theory  fitted  to 
(incoherent  scatter)  plasma 
drift  measurements  at  43°N 
(Roble  et  al . ,  1977) . 
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Figure  6.  horizontal  thermo¬ 
spheric  winds  in  a  latitude  vs. 
longitude  (local  time)  frame. 
Obtained  (for  night  hours)  by 
optical  (airglow)  observations 
(i-urnside  et  al , ,  19&1). 


Figure  7.  Maps  of  meridional 
average  transport  (zonal  means) 
showing  total  air  transport  (in 
kg/s)  down  to  the  indicated  al¬ 
titude.  Left  hand  map  is  for 
low,  that  at  right  hand  for 
high  solar  activity;  the  rever¬ 
se  cell  is  due  to  auroral  zone 
heating,  bemi-enr.pir ical  compu¬ 
tation  (as  in  Figure  5 )  bv 
Roble  et  al . ,  (1977). 


It  is  worth  noting  that  the  U.S.  National  Center  for  Atmospheric  Research  runs  a  compu¬ 
ter  program  producing  a  semi-theoretical  model  which  needs  being  fed  with  measured  or 
assumed  data  from  a  small  number  of  stations;  see  Figure  11  (Salah  et  al.,  1987). 
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Figure  9.  Average  zonal  wind  fields  (in  height  vs.  latitude  frame):  velocity  in  m/s, 
westerly  positive.  Results  from  meteor  Radar  and  partial  reflection  observations  at  27 
stations  in  both  hemispheres,  (a)  January,  (b)  April,  (c)  July,  (d)  October.  (Fortnya- 
gin,  1987). 
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Figure  lo.  t^uas i- two-days 
variations  of  the  zonal  ve¬ 
locity  at  around  loo  km  of 
altitude.  Simultaneous  ob¬ 
servations  at  Kharkov  and 
Khabarovsk,  different  in 
longitude  by  98°.  /The  phase 
lag  of  62  to  65  h  might  be 
due  to  a  zonal  wave  number 
5/.  (Kalchenko,  1987). 


Figure  11,  Meridional  wind  component  (north¬ 
ward  positive)  in  a  height  vs.  longitude  fra¬ 
me.  (Fixed  latitude  and  UT).  After  insertion 
of  measured  data  computed  with  the  semi-empi¬ 
rical  NCAR  "Thermospheric  General  Circulation 
Model" .  (Salah  et  al..  1987). 
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2.3  Gravity  waves 

In  tides,  irrespective  of  the  relevant  driving  cause  (solar  heating,  gravity- 
forces),  buyoncy  is  the  "counter-force",  pushing  the  system  back  towards  the  equi¬ 
librium  constellation.  (This  differs  from  acoustic  waves,  in  which  wave  pressure  plays 
that  role),  bo,  tides  are  gravity  waves  on  a  global  scale. 

In  fact,  there  appear  two  separate  mode  ranges  in  the  well-known  wave  diagram  of 
Figure  12.  Tidal  waves  correspond  to  extremely  low  frequencies;  they  are  "located"  at 
the  bottom  line  of  the  diagram.  The  range  of  gravity  waves  extends,  however,  far  beyond 
these  frequencies,  up  to  the  Frun t-Vaisala  frequency,  i.e.  down  to  periods  of  about 
5  min.  Gravity  waves  of  so  short  period  can,  of  course,  not  extend  all  around  the  globe 
but  must  be  localized.  Excited  by  different  mechanisms,  they  are  a  permanent  feature  of 
the  upper  atmosphere,  not  only  as  a  disturbance  of  the  steady  state  but  also  by  affec¬ 
ting  the  circulation  in  the  middle  atmosphere  and  lower  thermosphere.  Energy  transport 
by  such  waves,  upwards  in  most  cases,  is  not  negligible  (Klostermeyer,  1973). 


k 


iigure  1 2.  Frequency  (ordinate)  vs.  wave 
number  (abscissa)  dispersion  diagram  sho¬ 
wing  the  ranges  of  acoustic  and  of  gravi¬ 
ty  waves.  After  Tolstoy  (1963).  (bee  also 
Gille,  1968). 


Figure  13.  Gravity  wave:  schema. tic  wind  ve¬ 
locity  profile  (Kidgle.v  and  Liewohn,  1966). 


Table  1  shows  typical  parameter  values:  yerioo,  wind  velocity  amplitude,  vertical  anc 
horizontal  wavelength  (see  Figure  13). 


TARLE  1:  TYHCA1.  CHARACTERISTICS  CF  AirGbl- HERIC  GhAVIT:  ..AY kb 


Identification 

leriod/h  | 

Veloci ty/ms~ 

X  ve-rt/krr 

A  hor/km 

(a)  all 

|  | 

r 

6 

. .  7  0 

i  1o  ..  3o 

loo  . .  Boo 

(t)  large  scale 

■Bl 

>3oo 

! 

(c)  medium  scale 

9o 

.  .4oo 

j 

-J - 

(a)  meteor  Radar  (Kalchenkc  et  al . ,  1983;  Gavrilov,  19R7); 

(b)  different  techniques  (Hunsucker  et  al . ,  1986). 


Lifferent  techniques  show-  different  results  because  the  r«nge  of  detectable  peri- 
ods  depends  on  the  technique.  Short  periods  are  difficult  to  identify,  in  particular  ir 
meteor  Radar  and  in  total  election  content  measurements.  The  shortest  periods  can  pro¬ 
bably  be  seen  with  continuous  ionospheric  sounding  (Nakata  et  al.,  1933),  see  Figure  14 
^uite  short  periods,  down  to  about  1o  min,  are  seen  by  day;  the  oscillations  are  slower 
and  stronger  by  night.  This  is  clearly  appearing  from  Figure  13. 

such  disturbances  were  first  seen  in  quick  sequences  of  ionograms  (Figure  16)  as 
deformations  of  the  echo  trace  starting  at  the  top  (hibl  et  al.,  1939).  Though,  appa¬ 
rently,  coming  down,  they  do  not  originate  at  the  top  of  the  ionosphere  as  first  was 
thought . 

Hines  (i960)  established  that  these  "travelling  disturbances"  are  due  to  almost 
horizontally  propagating  "internal"  atmospheric  gravity  waves.  The  wave  fronts  are  for¬ 
ward  inclined  what  explains  the  observed  facts.  Jince  the  vertical  wavelength  is  always 
much  smaller  than  the  horizontal  one,  the  phase  propagation  vector  is  almost  horizontal 
with  a  small,  mostly  downward,  vertical  component.  Energy  flux,  however,  is  usually  up¬ 
wards. 


Figure  14.  Continuous  ionosonde  records  during  a  period  of  almost  ?4  h. 
MJF  on  top,  virtual  heights  below.  Note  the  short  period  fluctuations 
during  daylight  hours.  (Courtesy:  K.  hibl). 


University  of  Lowell,  Westford,  MA. 
20  October  1987,  World  Day 


Figure  15.  True  height  contours 
of  plasma  frequency  over  one  day. 
Ligital  ionosonde  (with  automatic 
true  height  data  edition)  of  Lo¬ 
well  University,  fte.  (Courtesy: 

K.  Tibi  and  r.V..  be  in  inch ) . 


In  Figure  13  we  have  shewn  a 
very  clear  gravity  wave  in  the  low¬ 
er  thermosphere,  cuch  "ideal"  con¬ 
ditions  are  rare.  Most  often  ap¬ 
pears  a  mixture  of  several  waves. 
Figure  gives  an  example  in  which 
frequency  analysis  was  applied  to 
meteor  hadar  data  (Gavrilov,  1987). 

Though  beacon  satellite  ob¬ 
servations  of  the  total  electron 
content  give  an  integral  value  over 
t  long  path,  even  in  these  observa¬ 
tions  gravity  waves  could  be  detec¬ 
ted.  Figure  18  shows  a  clear  case 
in  which  an  unique  event  was  the 
cause  of  the  observed  wave.  A  large 


statistics  of  wave  periods  observed 
at  a  high-latitude  site  /using  simultaneous  emissions  of 
two  satellites/  is  shown  by  Figure  19.  The  range  extends 
from  about  o.?  to  1.3  h,  but  755*  of  all  data  are  inside 
c  5  to  5o  min . 

Gravity  wave  effects  are  also  apparent  in  the  cha¬ 
racteristics  of  the  h.h- layer  ("sporadic  EM )  and  in  airplow 
brightness  data  (aharadze  ef  al.,  1987). 

As  for  the  sources  of  atmospheric  gravity  waves,  it 
is  certain  that  there  are  many.  Hunsucker  (1985;  ...  et.  al 
1986)  fe^ls  that  "large-scale"  waves  (Tatle  1)  are  produ¬ 
ced  in  the  polar  regions  and  propagate  fi.om  there,  mainly 
toward  lower  latitudes  as  was  earlier  stated  by  different 
authors.  The  wave  (wind)  amplitudes  indicated  in  Table  1 
are  so  large  that  non-linear  phenomena  must  be  expected, 
and  instabilities  car,  be  created  (Kied,  1976;  hloster- 
meyer,  1987). 


Figure  16.  Ionograms  obtained 
with  ?  min  intervals.  A  defor- 


mation*star ting  at  lohlo  moves 
down  the  trace  (Bibl  et  al . ,  1959). 


Kigure  io.  Neutral  wind  ins  antaneous  contours  cerived  from  optical  observation  cf 
:even  successive  ( gun- launch  d )  metal  vapour  releases,  (a)  Meridional  component 
(geoTHgn.  Xcrth);  (t )  Zonal  component  (geomagr. .  Fast).  Hold  dots  identify  height 
variation  of  a  single  sporadic  Fs -layer  observed  by  ionosonde.  /~he  rrcbable  connec¬ 
tion  witn  wind  shears  is  not  further  discussed  here/,  (aright,  196b). 
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As  shown  by  figure  21,  the  largest  current  density  is  reached  at  the  magnetic  equator; 
there  is  the  center  of  the  "equatorial  electrojet".  Since  the  magnetic  field  in  horizon¬ 
tal,  the  plasma  drift  is  vertically  upwards  during  day  light  hours.  This  "fountain  phe¬ 
nomenon"  is  regularly  occurring  in  the  equtorial  belt  (see  Forbes,  1981).  The  lifted 
plasma  flows  down  along  the  fieldlines  and  so  increases  the  plasma  density  north  and 
south  of  the  equator,  while  it  is  decreased  (and  the  peak  raised  ucwards)  at  the  dip 
equator  itself.  The  dynamo  field  disappears  by  night;  the  plasma  then  comes  down  and 
moves  towards  the  equator,  supported  by  a  neutral  equatorward  wind. 

Figure  22  presents  computed  results  of  plasma  motion  in  the  "fountain"  (at  left) 
and  away  from  it,  while  Figure  23  shows  contours  of  plasma  density  observed  by  topside 
sounding  (King  et  al . ,  1963).  Almost  all  individual  days  exhibit  the  two  maxim- 
meridional  noon  plane.  However,  their  position  in  latitude  is  somewhat  variable  ana  the 
meridional  gradients  are  considerably  steeper  for  individual  days  than  is  appearing  on 
monthly  median  maps  (Vila,  1971). 

3 .2  Fields  Transferred  from  the  Topside 


The  conditions  are  quite  different  in  the  polar  caps  because,  there,  the  magnetic 
field  lines  are  open  such  that  transfer  of  plasma  ana  electric  fields  occurs  from  tne 
magnetospheric  tail  and  is  most  important  in  determining  the  dynamics  of  the  polar  iono¬ 
sphere.  Figure  24  shows  F-region  drift  measurements  made  at  e  site  near  the  center  of 
that  cap:  plasma  flux  is  continuously  anti-sunward  such  that  the  direction  rotates  fcv 
36o°  in  24  h.  In  magnetic  coordinates  the  rotation  is  approximately  linear  in  time  as 
the  site  rotates  around  the  magnetic  pole  (fceinisch,  Fuchau  et  al.,  1967).  .Such  cross¬ 
field  motion  is  provoked  by  an  electric  field  inferred  from  the  magnetospheric  tail. 


Figure  24.  F-region  drift 
measurements  18/19  Fare's 
1 963  at  Thule  (7  7.b°h, 
291°h),  speed  on  top, 
direction  below. 

/bpaced  antennas  Icprler 
technique/,  (heinirch, 
Fuchau  et  al . ,  1 ) . 


i 


not 


In  the  auroral  zones,  conditions  are  more  involved  and  less  regular, 
be  discussed  here,  but  again  electric  fields  are  of  major  importance. 


letails  shall 


The  differert  mechanisms  and  the  relevant  transport  equations  have  teen  compiled 
by  be hunk  (1973). 


4.  H.AlfcA  LkIFT  F.EAblJhtf1' LNTS 

while  the  individual  ions  of  a  plasma  have  quite  imp ■‘i  tan t  thermal  velocities, 
their  overall  average  (or  "bull'")  velocity  is  considerably  smaller.  It  is  the  latter 
which  is  intended  when  trying  to  measure  "plasma  drifts",  a  direct  measurement  of  the 
statistical  average  of  indicidual  ions  was,  for  examrle,  achieved  aboard  a  spinning 
spacecraft,  the  Venus-Cr bi ter  (Kr.ua sen  et  al.,  1979).  This,  however,  is  an  exception. 

Nos t  methods  depend  cn  "tracers",  the  drift  of  which  can  more  accurately  and  easily  be 
determined.  The  question  arises,  whether  the  motion  of  a  tracer  is  identical  with  the 
plasma  bulk  velocity. 

A  most  efficient  tracer  method  applied  to  neutral  air  motion  is  the  kadar  pursuit 
of  the  ionized  traces  of  meteors.  This  method  has  become  the  most  widely  used  for  deter¬ 
mining  neutral  winds  ir,  the  lower  thermosphere  (see  Figures  4 ,  8  to  1o,  17).  Unfortuna¬ 
tely,  there  are  no  comparable  tracers  of  independent  origin  available  for  measuring  the 
motion  of  ionospheric  plasma  as  such;  internal  tracers  only  can  be  used  to  this  end. 
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Lop  pier  Methods 


Kadio  wa ves  echoes  obtained  frctr  the  ionosphere  !\  any  technique  rust  be  Lop  pier- 
shifted  in  case  the  orogin  of  the  xeturr.  is  moving  ir.  such  way  that  its  effective  di¬ 
stance  varies.  The  speed  of  the  rot  ion  along  the  "effective  sounding  direction"  car.  le 
deduced  frorr  that  frequency  shift. 

Echo  Loppler  bounding 

when  the  (hf  or  if)  echo  signal  is  phase-compared  with  the  transmitted  one,  the 
frequency  difference  appears  as  a  low  frequency  beat,  Ran z i  (191 5)  was  firf  t  in  -rplving 
this  technique  which  was  perfected  later  by  M  mi  lay  (1951)*  with  modern  digital  techni¬ 
ques  the  beat  frequency  can  be  obtained  with  high  precision  ir  digital  form,  see  .action 
4.3  (heinisch,  Eibl  et  al . ,  1987).  Notwithstanding  whether  one  uses  a  munor t  io  rvs.tem 
(vertical  sounding)  or  a  bistatic  one  (oblique  sounding)  the  beat,  depends  on  the  veiticc 
displacement  of  the  reflecting  surface,  i,e.  that  on  which  the  critical  electron  density 
is  first  reached,  bunrise  and  sunset  effects  are  clearly  seen  but  also  systematic  heignt 
variations ,  anti  gravity  waves  as  well.  Note  that  the  decisive  parameter  is  phase  (not 
group)  velocity  and  that  it  depends  seriously  on  the  local  electron  density,  i.e.  i 4  is 
height  dependent.  Therefore,  u  quantitative  interpretation  of  the  observed  oats  is  not 
easy . 


Incoherent  scatter  Technique 

A  very  weak  backseat  ter  signal  is  obtained  when  rao io-soundinp  on  a  frequency  nigh 
above  the  ionospheric  plasma  frequencies,  t-v  analyzing  the  spectrum  of  the  return  signal 
one  obtains  the  ion  temperature  from  the  spectral  width,  while  the  average  motion  is  de¬ 
termined  from  the  shift  of  the  return  center  frequency  against  the  transmitted  spectral 
line.  The  method  does  not  measure  the  motion  of  individual  ions;  the  return  signal  is 
cue  to  small-scale  fluctuations  of  the  local  plasma  density  as  are  brought  about  by  sta¬ 
tistical  fluctuations  in  the  thermal  motion.  These,  and  tneir  behavior  ir.  space  ana  ti¬ 
me,  are  correctly  described  by  Fourier  analysis,  namely  as  r  stochastic  set  of  waves  in 
the  ion  gas.  The  short  wavelengths  correspond ing  to  thermal  motions  fall  into  the  range 
of  sound  waves  (see  Figure  12).  Their  range  is  larger  than  the  sensibility  range  of  the 
hadar,  so  that  this  latter  selects  a  smaller  range  inside  which  the  (projection  of  tne) 
sound  wavelength  is  not  too  much  different  from  the  vhf  wavelength  of  tne  hativr.  ‘there¬ 
fore,  one  observes  in  fact  a  section  of  the  thermal  sr^ctrvrr^  4\  ince  there-  is  nc  lessor 
against  the  assumption  that  tne  whole  set  of  soundwaves  should  be  iSv metric,  it  is  justi¬ 
fied  to  assume  that  their  (vectorial)  average  equals  the  bulk  velocity  of  the  ions. 

Mono-  ar.d  bistatic  incoherent  scatter  installations  can  only  observe  ir,  one  direc¬ 
tion,  while  multistatic  installations  can  determine  a  spatial  drift  vector.  I  rift  data 
can  now  be  obtained  in  quite  short,  time  intervals  so  that  short  term  variations  can  be 
seen;  see  Figure  ?5  in  which,  apart  from  quick  changes,  the  if  n  tide  and  iffi  hei rn*- 
dependent  phase  do  quite  clearly  appear. 


whenever  observing  along  the  field  line  (as  done  in  Figure  2b),  the  combined  ef¬ 
fects  of  wind-induced  motion  and  parallel  electric  field  are  seen;  only  when  this  latter 
is  negligible,  the  neutral  (horizontal)  wind  can  be  correctly  determined  from  incoherent 
scatter  observations  along  the  magnetic  field  (Killer  et  al . ,  1967). 

On  t».e  other  hand,  cross-field  motions  of  the  plasma  can  be  obtained  with  the  same 
device  by  beam-swinging.  Figure  ?6  shows  quick  variations  (as  often  found  in  the  auroral 
zone)  in  the  17o  to„ bbo  km  height  range.  Cross-field  motions  must  be  caused  by  an  elec¬ 
tric  field  (F  X  B/E^  drift)  such  that  such  fields  can  correctly  be  measured  bv* devices  of 
that  kind. 

Incoherent  scatter  sounding  at  oblioue  incidence  against  the  magnetic  field  needs 
careful  analysis  of  the  different  causes  (oalah,  Luboin  et  al . ,  1987). 
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Figure  26.  Hasrra  flow-  vectors  normal  to 
the  geomagnetic  field  direction  obtained  by 
beamswinging.  (Jalonen,  1986  after  van  Ly- 
ken  et  al .  ?  1 984  ) . 


4 .2  Direction  Finding  Methods 

These  devices  apply  triangulation  methods,  usually  with  multistatic  coherent  Radar 
installations.  These  are  applied  on  either  vhf  frequencies  ("coherent  Lack  scatter")  to 
the  whole  ionospheric  height  range,  or,  in  the  subpeak  range,  hf  frquencies  using  total 
or  partial  reflections,  with  total  reflections,  deformations  of  the  (plasma)  equidensity 
surfaces  are  used  as  tracers  while,  for  the  other  techniques,  natural  phenomena  provo¬ 
king  steep  plasma  gradients  are  at  the  origin  of  the  observed  returns.  The  situation  is 
similar  to  that  with  wind  determination  from  drifting  clouds  in  satellite  meteorology. 

«s  for  these,  local  changes  occurring,  to  the  tracer  phenomenon  can  seriously  influence 
the  result.  Cnly  if  this  danger  is  eliminated,  the  latter  can  be  taken  for  granted. 

For  a  long  period,  the  following  four  techniques  were  distinguished  (Rawer,  1966): 

bl  :  intercomparison  of  fading  signals  at.  three  or  more  antennae  spacea  u  few 
wavelengths  apart; 

b?  :  Radio  observations  of  drifting  meteor  trails; 

L3  :  Radio  star  scintillation  with  three  or  more  antennae  n  paced  many  wavelengths 

api-  it; 

L4  :  Ofcse  rations  of  characteristic  reflection  features  at  widely  spaced  sites. 

The  12  method  depends  on  external  tracers  and  is,  therefore,  well  indicated  for 
measuring  the  neutral  wind,  bir.ee  in  the  (lower  thermospheric)  height  range,  where  mete¬ 
ors  are  observed,  neutral  and  plasma  motions  are  coupled  by  collisions,  L2-data  have  of¬ 
ten  been  used  for  checking  other  methods.  Good  agreement  with  Ll-data  was  found  in  the 
above  mentionned  height  range  (Fuller,  1968). 

Net hod  L3  differs  from  the  others  as  it  observes  penetrating,  not  reflected  waves, 
applied  on  vhf- frequenc ies ,  the  observed  fadings  are  mainly  due  to  refracting  irregula¬ 
rities  near  and  above  the  peak  of  the  ionosphere.  The  method  was  only  rarely  used.  In 
recent  time,  coherent  radio  beacons  aboard  geostationary  satellites  are  used  as  sources 
-  Figures  18  and  1 9  above  were  obtained  with  this  technique. 

i-.ethou  1>4  har  also  only  occasionally  been  used  by  comparing  simultaneous  records 
from  ionospheric  stations  distant  by 1co..Jbo  kn.  Trace  deformations,  that  are  coordinates 
and  can  be  identified  over  such  distance,  are  necessarily  large  scale  irregularities  er 
X  iltc. 

As  a  general  rule,  the  extension  of  "usable"  irregularities  depends  on  the  basis 
length  used  in  the  experiment:  larger  structures  are  seen  with  larger  bases  (Rawer, 
1963).  Jo,  according  to  its  extension,  a  device  may  detect  structures  ranging  from  atou* 
*•0  m  to  more  than  loo  km,  and  periods  of  the  order  of  less  than  1  to  a  few  min.  As  the 
( : runt-Va ieala)  cut-off  of  ionospheric  gravity  waves  is  found  at  periods  between  at  out 
j  ano  6  min,  some  of  the  irregularities  could  propagate  as  gravity  waves,  other  must  fal 
into  the  evanscent  range  of  Figure  12,  or  ever,  into  the  sound  wave  range.  The  latter  two 
classes  should  be  transported  by  the  (local)  wind,  .towever,  longer  period  gravity  waves 
are  regularly  present  and  the  relevant  motions  are  seen  as  "instantaneous  local  wind"  - 
which  is  me  .sured .  If  the  directions  were  equally  distributed,  then  a  large  scale  bulk 
velocity  could  be  detected  as  a  statistical  mean  -  otherwise  the  average  designates  the 
preferred  direction  of  the  gravity  waves.  This  should  depend  on  their  origin. 

lispersion  must  exist  such  that  different  phase  velocities  are  to  be  expected. 
Also,  the  life-time  of  irregularities  should  depend  on  their  size,  smaller  ones  having 
shorter  life,  therefore,  large-base  arrangements  cnly  can  see  the  fastest  moving  irregu¬ 
larities:  with  longer  bases  one  must  find  nigher  velocities. 

/-.nother  important  problem  is  connected  with  the  shape  of  the  irregularities.  The 
early  reduction  schemer  assumed  isometric  patterns.  *e  have,  however,  learned  that  the 


irregularities  should  be  elongated  in  the  magnetic  field  direction,  (e.g.  Bellchambers 
et  al.t  1965),  except  for  the  lowest  thermosphere,  where  they  should  be  horizontally 
stratified  (as  a  result  of  sedimentation  in  the  gravity  field).  So,  we  have  to  accept 
that  the  patterns  are  anisometric.  Figure  27  (below)  shows  examples. 

Comparison  of  different  techniques  and  reduction  methods  has  shown  that  the  drift 
direction  is  much  better  measurable  than  are  absolute  speeds.  (See,  e.g.  /9/,  also 
Jacobs,  1968;  Kiiller,  1968;  Wright,  1968).  — 

Different  Reduction  Methods 


When  applying  triangulation  methods,  one  compares  records  of  hf  f ieldstrength  (or 
any  other  wave  characteristic)  that  are  taken  at  different  sites,  wuite  different  reduc¬ 
tion  methods  have  been  proposed  and  are  used  for  deducing  a  motion  vector. 

In  one  method,  individual  features  are  identified  on  the  records  and  time  diffe¬ 
rences  between  their  appearance  at  the  different  sites  are  determined.  With  three  sta¬ 
tions,  assuming  horizontal  motion,  one  can  deduce  a  drift  vector.  This  is  the  method 
called  "similar  fades" .  It  must  be  applied  to  many  fades;  usually  about  2o  during  an  ob- 
servati on  period  of  a  few  min.  The  statistical  average  of  these  is  taken  as  plasma  bulk 
motion  vector.  The  individual  determinations  show  considerable  dispersion.  In  fact,  when 
assuming  a  wave-like  propagation,  the  relevant  fronts  should  be  moving  across  the  anten¬ 
nae  array.  The  measured  velocity  is,  necessarily,  perpendicular  to  these  fronts  "of  con¬ 
stant  phase".  Their  traces  on  ground  should  form  a  system  of  equidistant,  parallel  lines. 
Cbservations  with  a  6-antennae  array  have,  however,  shown  that  this  is  rather  often  not 
true . 
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Figure  27.  Two  sequences  of 
fading  patterns  deduced  from 
similar  fade  measurements  with 
six  antennae.  Constant  phase 
fronts  were  interpolated. 

/Time  sequence  is  indicated  in 
seconds/.  (Harnischmacher , 
1968). 


It  appears  from  Figure  ?7  that  "exploding"  or  "imrloding"  patterns  do  sometimes 
occur,  in  which  case  the  individually  determined  vector  cannot  be  significant  at  all. 
tine  should  not  forget  that  the  interference  pattern  seen  at  ground  often  is  due  to  se¬ 
veral  contributing  returns. 

Lther  methods  use  the  complete  records,  determining  cross-correlation  functions 
between  pairs  of  these.  Figure  28  may  help  to  understand  the  basic  ^dea  (assuming  iab- 
metr.y  and  that  no  vertical  motions  must  be  considered).  The  displacement  in  time  of  the 
points  of  maximum  cross-correlation  ( in  a  temporal  diagram)  can  be  used  to  define  a  (ho¬ 
rizontal)  characteristic  velocity  vector.  If  the  observed  patterns  are  isometric,  this 
is  the  intended  "drift  velocity"  (using  "maximum  correlation"  as  a  kind  of  "tracer"). 
Unfortunately,  isometry  is  an  unrealistic  assumption:  the  spatial  correlation  patterns 
have  elliptical  shape  and  this  feature  must  be  taken  into  account  (Phillips  et  al . ,  1966; 
Iriggs,  1967). 

*hen  the  above  made  assumptions  were  valid,  data  from1  three  positions,  by  the  rele¬ 
vant  auto-  and  cross-correlation  functions,  could  be  used  for  determining  all  unknowns. 

(A  very  helpful  formulation  was  given  by  Keneshea  et  al . ,  1966;  see  also  ifister  and 

i.ibl,  1972). 


Unfortunately ,  the  patterns  are  not  isometric,  nor  is  it  true  that  vertical  motions 
are  negligible  (see  Figure  38  below).  A  three-dimensional  analysis  was  first  made  by  Gu¬ 
sev  et  al  .  (i960)  and  later  by  duchy  (1966),  who  attacked  the  problem  in  a  quite  general 
way.  Me  concluded  that  information  from  any  array  situated  in  one  plane  only  is  insuffi¬ 
cient.  In  order  to  resolve  after  all  unknowns,  one  must  at  least  dispose  of  one  more 
measuring  position  situated  above  the  ground  plane.  With  other  words:  a  three-dimensio¬ 
nal  problem  cannot  be  fully  investigated  with  a  two-dimensional  measuring  array. 
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Figure  28.  Correlation  analysis  to  a  drift  measu¬ 
ring  array  consisting  of  one  center  position,  0,  ano 
two  side  positions,  A,  B.  The  correlation  functions 
show  how  the  correlation  coefficient  varies  with  the 
time  shift,  tf  ,  by  which  the  two  records  are  displa¬ 
ced  against  each  other.  GC  is  autocorrelation  for 
the  center,  0A  and  0E  are  cross  correlations  with 
the  side  positions. 

(a)  Only  unordered  (isometric)  motions,  bulk  veloci¬ 
ty  *  0  / or:  the  measuring  device  moves  with  the  bulk 
velocity/. 

(b)  Realistic  situation  with  not  vanishing  bulk  ve¬ 
locity.  (Rawer  and  buchy,  1967). 


Fading  Drift  Measurements  (/'etriod  Li) 

Natural  deformations  of  the  (otherwise  plane)  surfaces  of  constant  plasma  density 
are  provoked  by  different  phenomena,  in  first  line  by  gravity  waves,  *hen  applying  clas¬ 
sical  pulse  sounding  in  the  hf  range,  echoes  from  two  or  even  more  reflecting  ranges  in 
the  ionosphere  do  arrive  at  the  receiving  antenna,  sc  that  a  fading  pattern  is  produced 
by  superposition.  These  fields trength  variations  are  recorded  in  an  array  of,  usually 
three’,  spaced  antennae  (Krautkramer ,  1943/195o). 

An  (apparent)  velocity  vector  is  either  obtained  by  evaluating  a  certain  number  of 
typical  features  (method  of  ’-'similar  fades"),  or  by  a  correlation  method  (see  the  last 
paragraph).  Both  methods  were  compared  at  different  places  with  the  general  result  tha*, 
in  the  statistics,  the  directions  do  agree  within  about  +  30°  ( Bellcharr.be rs  e*  a!  . , 
1965).  It  for  the  speeds,  the  similar  fade  evaluation  gives  greater  values  (by  almost  a 
factor  of  2)  than  the  correlation  method  pretends.  However,  optical  observations  of  re¬ 
leases  gave  even  higher  values  than  the  similar  fade  method  achieves.  Cptical  cats  pro¬ 
bably  indicate  the  true  neutral  air  wine.  The  discrepancy  between  both  evaluation  me¬ 
thods  was  explained  by  bprenger  et  al  (1969).  These  authors  could  show  that  large-scale 
(very  low  frequency)  deformations,  of  the  order  cf  loo  kr  (horizontal)  wavelength,  seri¬ 
ously  influence  the  results  of  correlation  analyses,  when  filtering  away  these  frequen¬ 
cies"  from  the  records,  comparable  speed  values  were  obtained  with  both  methods.  There¬ 
fore,  most  of  the  published  data  that  were  obtained  by  correlation  analysis,  should  be 
corrected  in  speed. 

ieesuse  they  are  made  at  a  fixed  radio  frequency  (potentially  swi*  cN»d  between  cay 
and  night),  I’ 1- measure men ts  are  restricted  to  a  few  limited  height  ranges,  viz. 

85  ..  loo  km  for  If  sounding, 

95  ..  I2o  km  for  hf  sounding,  gate  on  "E", 

17o  ..  ?5o  km  for  hf  sounding,  gate  on  "F" . 

It  is  a  certain  disadvantage  that  the  reflecting  level  is  not  constant  but  has  a  diurnal 
variation  inside  these  height  ranges.  Thus,  caution  is  needed  when  comparing  data  obtai¬ 
ned  by  cay  and  by  night. 


Figure  29.  Ei-urift 
E-region : 

(hourly)  percentage 
statistical  distri¬ 
bution  (small  digits 
January  average  ever 
about.  6  years. 

Bercen tages  above  9 
are  ha  tehee. 

( llarnischrracher , 
1966). 
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D1 -measuremen ts  were  quite  frequently  made  in  the  Eastern  hemisphere.  The  data  ob¬ 
tained  constitute  the  numerically  most  important  thesaurus  of  drift  measurements.  It  is 
important  to  note,  that  the  systematic  effects,  which  have  been  found,  are  almost  drow¬ 
ned  in  "noise";  in  fact,  the  instantaneously  measured  vectors  reproduce  local,  small- 
scale  motions  largely  due  to  gravity  waves.  This  can  be  seen  from  Figures  2 9  and  3o.  The 
latter  shows  that  it  is  important  to  make  enough  measurements,  hour  bjr  hour  if  possible, 
in  order  to  identify  regular  features.  These  can  only  be  extracted  by  statistical  me¬ 
thods  . 
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Figure  3o.  Intercomaprison  of  n-arift  directions  measured  by  mrt'iod  •>;  H  stations 
in  the  period  15  to  24  June  1958  (Rawer,  1965). 


Irobability  difference  diagrams  are  obtained  by  deducting  from  the  observed  per¬ 
centage  probability  values  (e.g.  Figure  2-9)  the  "equal  probability  distribution"  -  (i.e. 
6.3%  in  our  arrangement;  this  brings  the  hourly  sum  to  zero):  Figure  31. 


Figure  31.  irobability  difference  diagrams  showing  the  dominant  component's  average 

diurnal  variation.  All  summer  observations  of  many  years  made  at  Freiburg. 

( Harn ischmacher  et  al.,  1968). 

iertinent  features  can  be  "extracted"  by  making  "sliding  averages"  over  several 
fields.  According  to  the  chosen  direction  (in  the  diagram),  a  certain  feature  is  ampli¬ 
fied:  horizontal  averaging  to  get  the  "dominant  components"  (which  are  different  for  day 
and  night:  Figure  32);  oblique  averaging  -  according  to  the  chosen  averaging  scheme  - 
to  get  the  24  h  or  12  h  (rotating)  solar  tidal  components.  /Figures  31  through  35  refer 
to  all  drift  directions  measured  at  Freiburg  during  almost  one  decade.  E-echo  results 
are  always  at  the  left  hand,  F-region  ones  at  the  right  hand  side/. 

Figure  33  is  the  seasonal  direction  statistics.  Figures  34  and  35  show  the  24  h 
and  12  h  solar  tides.  The  lunar  effect  was  extracted  in  Figure  36. 
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Figure  '56.  1  reliability  d  i  Inference 

diagram  showing  the  lunar  declina¬ 
tion  (ordinate)  influence  on  the 
drift  cirectior  (abscissa)  obtained 
t-y  grouping  all  observations  mane 
at  Freiburg  after  the  lunar  decli¬ 
nation.  L-echoes.  (Harnischmacher 
et  al . ,  196fc) . 


Figure  35.  probability  difference  d iagrams 
after  obliouely  averaging  so  as  to  extract 
the  solar  12  h  component. 

( Harnischmacher  et  al.,  106ft). 
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Figure  >r?.  Lyno^io  cctiianror  cf  If  drift 
re  men  f  n  made  ( by  method  i  1  )  at  y  uhl  irgrbern  a  no  : 
dollm  (CL!-),  compared  wj»h  meteor  F-ndar  me-:«ur 
mc-nty  made  at  ■_  ne f  f  i e  1  u  (<  .  r.).  (..  fttrger  and 
.\chminder,  196m). 


4  •  5  Jombined  l.oppler  and  Lirectior  Finding 

.-re  no?r.r^*ohCVtlU;es  the  ff,ct  '*>"*  equidenyi ty  Purfac.s  in  th(v  lor.osrherr 
not  perfectly  plane,  his  is  known  since  lone  time;  Frairlev  et  al  .  (19h»)  found  - 
ever,  under  quiet  conditions  -  the  mirror  point  to  move  irregularly  inside  a  oirclt 

Kn?  radlus*  V,ith  irrFroved  accuracy  of  the  measuring  devices’,  hssex  et  al  . 
i  investigated  the  correlation  between  adjacent  sounding  frequencies  ana  found  a 
correlation  wioth  of  only  2 o  ..  4o  kHz;  this  says,  that  the  decisive  irregularities  ttus 
be  quite  near  to  the  reflecting  level.  ’ 

.  \V,J  '**  '**  mc^pnn  digital  electronics,  such  investigations  Can  be  made  in  tea 

?S5X  4ph  accuracy.  «s  mentionned  under  4.1  above,  digital  icnosondes 
'i.^1  et  1978,  Remisch,  19H6)  regularly  can  measure  the  Lorpler  shift  (ord^r-  ,'T) 

°{ .  received  echoes,  "his  technique , recently,  was  combined  (heinisch  et  al . ,  1986) 
~<paced  ?ntennr,e  direction  finding  technique  (in  a  fixed  frecuencv  "drift. 
TSS'-rV1!*  series  are  received  at  each  antenna  of  an  array  of  four.  Real-time  Fourier 
xransiormation  results  m  four  complex  spectra  (resolution  o.125  Hz).  The  angle  of  arri 
1*1  for  each  sPectral  component  is  determined  by  cross-correlating  these  compile  spec- 
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kith  such  techniwue  it  could  be  shown  that,  usually,  a  large  number  of  return 
sources  (more  than  1o)  coexist  -  not  as  a  stable  configuration  but  with  quick  changes, 
t.ne  needs  -  similarly  to  known  experience  with  D1  -  about  15  min  for  obtaining  signifi¬ 
cant  averages  so  as  to  reach  a  consistent  picture  of  the  systematic,  larger  scale  vari¬ 
ations  (see  Figure  38).  Another  interesting  result  of  that  technique,  obtained  at  a  site 
in  the  polar  cap,  was  shown  on  Figure  24  above. 
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Figure  38.  Variation  of  F- region  drift 
measured  with  a  digisonde  and  a 
4-antennae-array  during  the  night  U/15 
Jan.  1965  at  Ocose  Fay,  i.abrador . 
Azimuth  at  left,  speed  at  right  hand. 
(Reinisch  et  al . ,  1987). 


In  t.ne  future,  this  very  promising  new  technique  -  when  applied  at  more  stations  - 
may  shed  much  more  light  cn  Ionospheric  notions  so  that,  finally,  we  may  get  a  new, 
enrirically  based  picture  of  ionosrhcric  dynamics. 


4  .4  Lrift  Lata  in  the  II- 1 

The  "International  reference  Ionosphere’'  (IK1)  /an  LFbl-ULorAh  project/'  aims  at  a 
representative,  empirical  world-wide  description  cf  (vertical)  profiles  of  the  most  im¬ 
portant  plncrra  parameters:  density,  ter  para  tu  res,  chemical  composition, 
wince  •  »  few  years  /on  the  initiative  of  t.S.  Kazirn irovsky/  a  tentative  description  of 
icnoe :  her  ie  drifts  is  additionally  giver.,  basic  data  are  mainly  from  El-  and  113-measure¬ 
ment  r  .  Ihey  describe  r.he  apparent  i Potion  of  medium  scale  ( lo  ..  loco  m )  irregularities 
of  plasm.-  censity.  The  1957  to  l97o  data  of  stations  situated  between  7°  and  7 1  °N  (7.5° 
to  geo  magnetic)  anc  C°  and  13  i°F  in  longitude,  -ome  1o5  individual  measurements  were 

ierarateo  after  ’-ecicns  L  (9o  to  135  km  virtual  height)  ana  T  (  >  1 55  km),  ana  in  seaso- 
r-'.j  and  solar  activity  cla.cses.  For  six  key  latitudes  a  Four ier-developmen t  up  to  order 
3  way  trade,  se-paratelv  for  the  zonal  and  meridional  component  os  function  of  local  time 

a  Ft  r^l  iminary  world-wide  description  was  made  with  the  so  found  coefficier. to,  and 
spline  in  it t p ola tion .  "he  so  obtained  mops  have  latitude  and  local  time  as  coordinates. 
Figure  5f>  snows  an  example. 
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Figure  39.  i  rel iminary  drift  model:  global  distributions  of  the  zonal  velocity  compo¬ 
nent  (unit  m/s,  h  positive)  in  summer.  Left:  L-region,  right:  F-region. 
(Kazimirovsky  et.  al . ,  1988). 

Though  there  is  little  doubt  that  this  car,  only  be  seen  as  a  first  attempt,  we 
feel  that,  it  could  become  very  important  to  aim  at  a  fully  empirical  description  cf  iono 
srhpric  drifts  -  a  task  for  future  work  in  the  field. 
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f .  ■  •Jijdi-:  *  ’  Hi*  •  mu  i  -  pin- ;  .- .  t.h  |i>!  '  if-.  *  ii;i.1*-i  ’  md  *  -ii!.u.  -  - 1  M 

•  \!  r-.  Ml  tii-  I  <  *Uf  -  t  put  Mn  i'll"  pin  n-  In  r »  : .  i :  i  Mn-  Hum  .■ 

E’  uhi.h  i.  t  i  •  'ii;'.  i  v  iu-il'-d  Iv  •  < :  i :  •  •  '  i  ul’tri  l..!  •  I'V-  md  •  ,  I 

I, *  l’  l.-pluii:  r.  1  ■  fhf  1  hi  •  "  p}|.-("  1  I  h  r  l.f  ll  '-.I;.  I  "«■  . !  :  i  .  •  .  I 

ul...:  .  >  siiv  i- ■  ’  ’  I  Vf  -  I  i  ■  u  I  |!  M.-JI  t  hi*  •  » r  :  i  •  •  s  •  ■ ;  i  f  r  ,  v  iui.  Ii-  ’  !u  Ii.  it  .:,n- 

f.  I  ■  .nil  pin*  I  1 1  ‘  'll  l  m.  %  Ill.'.f'i.  ill  1V-II  I.  this  .  Ii;-.!  . 

rh"  1"'.-.  ml  il.-*,.,!,*.  1„  Ml-  I'U"'  -  pl'f  r  •  I,-  .1  •  inm.-tlv  .  .1,11  hv  t>. 

n  Liu’  md  -nlillf  I  ll  llii'li-  »ln-  1.  -.I'-t  !  i .- 1  •!  Ilia-  in  | » *  .  hut  ,t  hi. 

I'll  '  I  Ml**  ■  1  "  plli-lf.  Hif  Ill'll  !  «t  i  •  ud.  1  phtn  ••  I  - .  ■  1  r  :  I .  i ; :  l  jtt--il.il  h 

III'  'III  i  fills.  "  i  It*  I  ll. •*  I  Iir.  in  1  Ilf  •  li-.m  t  --.ph*r>-  md  ••ii!,-,  Hsf,  Mu*  .i  n  plifn  ■  i 
*U  ill;-,  til.-  I.  nu  i  md  ic.ih-Mi  .  \  I  i  -d  ,  i.  p.p-.  .  ■.  a  * 

■  lit  d  i  M  .-,1  I,  m<  id  1  hr  n  -i !  t  I  iif  . . .  .:!  »h*'  "in  -I'd. 
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Mil'  I  .  -piuid  I  --  ’  h<  \  I  ti  n 

I  f-l  I  -  '  !  • .  1 1 :-  "  md  .1;  I  i  -  !  .  - .  -  I 

•» i  ipp  1  v  1  t  h>  u‘  . . .  •.-.■i-  [ 


ft- 2 


til  vp  it  .i  dat  ab  u?e  ,  i  he  elect  ion  density  *or  auv  o'her  lonusphei ic  p  a  i  met  er  1  cm  be  r  •  ■}>  1  **--*-11 1  e.i 

either  by  purely  deser  ipt  1  ve  'Vn,pn  ir-U"  i.-odels.  m  which  :r.ith«*":ji  1c.1l  fni ir.nl  is  up  constituted  t < »  t «  h 

the  observed  vai  1  it  1  mis  at  N.  m  else  hv  "phys  hm  1”  models  genei  ated  bv  solving  the  cont  1 1111 1 1  v  equal  pm 
1  vv  Table  1>  f  2  | .  Ail  “piup  1 1  ic.i  I "  "descriptive"  r.odel  comprises  rat  her.at  iva  i  tdciul  is  hi  cmrput  at  wnal 
ilgoi  Hhros,  with  >*mp  i!  ic. illy  determined  imriPiic.it  <  un^t -mts »  These  models  seek  to  ippu-M-m  tip*  obs*.  (ved 
vi  1  up  a  of  physical  parameters  as  closelv  .is  possible.  bur  up  not  iiPCPSA.tr  1 1  v  based  on  phvsics.  A  vpiv 
comp  1  phnis  ive  example  is  the  1 11*  «•»  ii.it  1011a!  RpI’pipiicp  Ionosphere  1  !RI  ■  jlj.  A  « on  pi eheusive  eipiiu  iI 
node  1  of  thp  neutral  t  her  mnsphere  is  t  h»*  MSIS  gloh.il  model  i  4  |  .  t  1 1  t  to  wnr  idwide  d.tt.t  vi»-lded  bv  Mps 
Spectrometers  aboard  sard  1  1 1  es  amt  Incoherent  Scatter  radars  on  thp  ground.  The  model  j s  based  mi 
formulas  that  represent  the  global  temperature  distribution  ‘Sec.  ».t*.  Physical  principles.  such  a-  i  h>- 
equation  of  state  and  the  haiomptric  law,  arc  then  used  to  t  impute  g  is  densities  and  nih**r  pu  i>  m 

the  MS  IS  model. 

A  "physical"  model  is  theotetual  01'  compi.it  at  lona  l  in  iiatme.  Il  simulates  the  behaviour  ottle- 
l  onosphe .  election  density  by  solving  the  phvsic.il  equations  tll-lt  govern  it:  the  equ  it  ions  ut  state, 
cunt  min  t  y,  *1.0 1  ion.  energy.  Apaii  fmr*  the  task  of  setting  up  and  solving  the  equations,  the  main 
problems  aie  to  include  >11  the  impoitant  processes;  obtain  good  valuer  of  the  vi  r mis  p  1 1 amet e 1  - ;  uid  to 
set  the  light  boundary  r  oud  1 1  ions.  The  more  sophisticated  models  solve  eqo.it  ions,  in  t  mil1,  for  t  he 

densitv  N  but  also  fru  the  velocity  V  :nd  temper  atui  e  T  -if  the  electsmis  rod  ums  ■  lable  I1.  Hie 

con-pi  ehens  iv«?  "coupled'*  ••  ode  I  s  treat  also  the  cor  1  e-murid  trig  equal  tons  for  the  uerjfr-tJ  .11/.  in  ....  -r  to 
take  .u  count  of  its  important  interactions  with  the  elections  and  ion*-.  The  develop, cut  ot  phvsi-  il 
r-odel.s  of  the  ionosphere,  "coupled"  and  otherwise,  is  a  ma  ju»  ul  ivitv  nf  innospher  ic  "-ode  1 1 1  ng  .  Mauv 

ionospheric  models  ot  such  types  hav*-  been  developed  bv  I'.S.  and  tlliope.iii  groups,  <• .  g .  |  i.s],  \  useful 
lurjprnmisi*  between  the  "er-p  1 1  1  ra  1"  and  "physical"  tpp machos  IS  represented  bv  "•ei-.cpiin.al"  >:odels, 
which  simplify  the  equal  ions  to  rake  the”-  1  o:  put  at  tonal  1  y  fasi  to  ulv*  ,  an:  •  •  th*,ii  used  t « .  ,  •  1 1  •  ;  » 1 1  • 
the  numerual  coefficients  for  an  er-p  1  r  i«a  l  :-inb>l  .  e.g.  I  7  .  S  )  . 

‘  fARI.KJ  :  MAS  If  Fiji  AT  IONS  fOR  ANY  'IN'D  OF  I'AHUil.k 

i  ONI  INl'ITY  FIXATION  u<m»  iVd  u.n  ot  --.ass » 

IRAlh  OF  <11  AM'. V  lit  H.KTKIIN  l>kVSIlV|  |lF.nl>li  FinN]  -  UnS'  |  -  i  iFAV  f  al;1  ; 
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AltVK»THiN:  »  «  mspoi  t  •>!  ■•or.eut  u~  bv  v  s 1 1  v  ,  .•  t  < 


R»,gulai  and  li  regular  Vati.it  ions 


1  be  f,|  louo-ph .  hrs  ..ften  be-,,  ,|1  .11  e.l  m  Hu*  - 1  p  1  e  -  lupin!  ii'.e 

wlii.h  the  elections  .  et  or  b  1  lie  bv  t  **■--[  1 1  >  r  **  i  1'-"  and  the  -  rill-al  f  r  v  d»-p<'nd- 

ingle  ^  in<1  rem  snltspot  nn  t.ei  R  uioiding  to  the  Juu  ul  1 


!<:.  m 
in  1 1  h 


to  A 


iH  < 


1 1 


x  1 


1 1« 


•  '»  •  •  i 


wlie/i-  A  |>  a  ll'in  <  ,  1 1  a  i  •-•Ifl-  |e||t.  |l>s|-l>".  tf*»  1  ll«*.  •  lie  tij-t  ■  I  •  •  |  "phvsi.  jl"  -ode!  it  the  1  ail-i-phi- - .  •  1  • 
1  u-'-d  "e.  pi ,  JC.,|  1  v"  filling  A  Old  11,  IS  pill  .  *.|  .1-  |  >M  |  'lit  1  .  \s  1  w’l  ku.-wn.  the  devlire 

«:id  M  1  I  •  e  |  t  O  I  !  OW  t  he  t  U|  Il  1  1  -1  -JU  1  t  ••  Well.  Wtl*'t  tl*-|  ^  I  I  I  e  .  U  •  <  t:  ' . .  -l  »V  ,  -e  t  •  Mi|  .  11  ] 

I  1 1  1  •  ude  .  I  he  1  lldt-  n  Ui  -  e.  bet  wet ’ll  ihtnM  ft  ,  2  It  id  0  .  1  .  i  depa  r  <  Mi  os  I  ,  .  I '  .  .’  ,  be  1  ll}’  1 1  t  I  !  hi  1 1  lb  1  e  , 

phv  k  1 1  1  v  .  iii  i  he  yiii|tii>n  of  t  er.  p»-i  il  m  «*  wi’h  heigh1,  uni  »n  pe  1 1  m  bat  i  ons  due  r  ■  ■  -1  -  i  f  t  t:,d  nit.i-i 
t  tv  t  o  i  i  .  Che  IIK  Ident  ting  |.|  -.ul  ii  HUI ;  /  111!'  ;  ill  it  l-m  vai  H"  with  t  he  Mil  i|  1  %•!>'.  md  so  thi-p-l'n. 
'l"e  .  hi.  Fig.  --how;  tin-  :  e ; ;  <  1 1  1 1  ei-mial  Hid  -  ■  1  a  i  i  vi  1  vuiaM-m  i-t  the  F  m-1  FI  liv«*i-. 


I  Ike  "0:-t  II  l1  III  it  .\  ai-i-is,  1  fie  1  ■  ill- i.-pin- 1  ••  -hoW--  l  gieif  -f--.il  -it  '  lillf-lll'V  •  eV'-ll  under 

1/  lie  1  !  >•  l  t  I  \  -j  -  I  I  e«  ;  .uid  I  1  I  -  ill  .  r’|e  111 -i  r  » I  I  l  a-.  ••  r  is  the  II-  si  \  I  I  I  ah  I  e  ,  I  -e  lllg  |I  I  •»!  I  t  I  1  V  p  I  -•-!  I  I  I  at  - 1  •'  -'ll 

iii  fin'll  1  iird  dill1,  ba  ;  if  1  •  I  f  n  i  a  ;•  j  v  »>n  h  .  e  1  i-f  -c- 1  n  it  I  j  \  j  t  %  .  V  i  i  j  ib  )  )  j  t  v  i  g.  I  *•  a  t  e-- 1  f  n  i  the 

F  .  1  «\  i  .  b*-  lug  *  •  i  •  thin  I  i  i "  in  ’  -  iF  J  *  i  <  -  -I  i  ’  to  .1  i ,  .  with  p  1  n  e  -  <  u-p  1  n  »  ^  t  r  i  i  ■  \  -  ii  that  have  -<r  « 

•  t  a  t  j  -  f  »•  1 1  or  .  hv  w  i  v  ■>!  i  t  |  i  I--  r  r  ■  r  i  ■  -n ,  F  i .  I  hows  the  v  i  it  1 1  i  on  -a  l  iif  :  *  hi  •mgho.u  t  -  p  I  -•  t  »• 

veu  t  f  im-.p--f  ini  -i  ui- 1  -  u-sp-i  i  »\  t  •  u*.  .  fin  ei--m-.il  i  n-l  i  i  •  i  -■  l  t  -  ••  1  » *  »•  -  t-v  -  .  md  i:  .  <  ■  t  In  - 1 

t-1  It  HI'1'  >.  I  be  t  i)l  nuf  . 
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As  a  prelude  t«  discuss  mg  some  major  problems  and  anomalies  nf  the  initf-phn**,  >bi  srction 
snmr-ai  l/es  the  themetical  b.u  kgiound .  Wheie  no  specific  ciI.iMhii>  ate  given,  i  h*  -.h>m  t  tl  .mv  be  found 
in  standard  texts,  such  as  those  listed  u>  the  Bibliography. 

3.1  The  Continuity  Puliation 

The  corn  itiUl  t  v  equal  imi  'Table  l  •  im  elections  and  tons  js 

clN.  cH  IJ  -  l  >  N  '  -  d  i  v  1  NV '  J  • 

Many  useful  deduct  ions  cm  he  made  by  considering  this  equ.it  ion  and  its  terms  m  general,  without  solving 

it  in  detail  (10|,  foi  example: 

•  a  i  Suite  n.anv  of  the  physical  quantities  involved  depend  quite  critically  .itrrc.phei  *<  pressure  ■ 
density,  it  is  oft**n  simpler,  and  phvsnallv  mean  i  ng:  u  1  .  to  solve  ■  J  >  in  teu*s  of  fixed  pi  essut  e-li've  Is 
in  the  it  mosphe,  e .  , at  her  than  fixed  heights. 

‘b>  Major  pei  tuibit  ions  nf  the  F>  I  iy«*i  geiietallv  co:ne  about  through  changes  in  t  fie  n ,  uduc  i  u,n  and  ?-■*-> 
tein,s.  Veitual  dilfl  IS  effective  mainly  because  if  moves  ions  and  elections  fine  wheie  they  were 
formed,  to  level?,  wheie  the  pi oduc t  ton :  I uss  balance  is  diffeient. 

■  c  •  H"i  i  .iirtti  l  motions  am  not  usual  Iv  vriv  urpoilaiit  in  the  tontimiilv  equation,  except  in  special 
i  it  umsi  an*  »>s  sm  h  as  ii*  near  the  magnetic  equator,  or  ■  1 1  '  where  there  already  exist,  luge  hot  v  J<ti»  a  1 

,".l  id  l  e  1 1 1  >  of  el*',  t  i  on  density  because  of  |Mi  M(  |r  p  i  et  1  p  1 1  at  ion  '  . 

'<t'  In  (  onsequ.,1.  ,  the  t r anspo, t  term  ,,,  iji  may  usual  Iv  be  M'-pllffed  bv  on:]'  Mug  h"r  1/oMi)  motion, 

uid  tet  tilling  on  1  \  the  V«*iti.  il  dill!  v»*lot.  n V.  ,  m  which  rise  tills  tei:;  i  educes  in 

d  i  v  i  NV  *  d1  NW  >  Ah  1  1  • 

1  .  J  1‘ i  inflict  ton  and  Loss 

Although  the  subject  mav  not  seen  within  the  scope  of  this  p-tpei  *s  title,  a  siimmai  v  of  some  basic 
fails  is  appnipi  tat  p.  Detailed  nwrei leal  data  m.av  be  found  >n  references  |  lj-1'ij.  I'm  example.  Th»* 
oidmatv  loiiusphei  u  layeis  aje  piodnced  hv  extreme  ultraviolet  '  EUV '  arid  X-ravs.  emitted  both  as 
••pet  t  i  a  I  lines  and  cunt  i  uiiur.  itdiaMuri  bv  f  h»*  Sun.  The  principal  radiations  that  produce  the  layers  are: 

H  layer  <M0-]K0  kn»:  hl'V  17-80  nn  «  I  he  softest  e  .*-.  i  id  latioti ,,  t  liver  ■  100*1  JO  km':  X  1-17  nrr,  \  H’V 
’1-103  ii”.  rfvp  lOj.n  nr  • ,  h  lave/  -  70-bi)  km*  i.-.Ot  l.'l.n  n:.  X-iayw  0.1-1  nr,  •.  live,  «  ,0-70  krr  •  :  MeV 
•■osfi.  ir  lavs  fnor.  a  s  ign  1 1'  ic.-tiit  lave,'. 

the  heights  are  approxinat  ••  ly  Chose  wher*-  tin-  i  arl  lat  ions  \  r  »*  most  stimiglv  absorbed.  Theie  exists 
i:o  inflation  that  i.n  strmig.lv  absorbed  above  the  11  lavei  ;  the  H  and  V  2  \aveis  aie  finreri  bv  the  same 
i  id  i  it  ion,  tin-  greater  electron  density  of  tin-  F'J  liver  being  due  to  a  smaller  i  ite  of  loss  of  electrons. 

I  he  In-s  f  "fft  in  '  J  •  Car)  be  app ,  ox  i  ".a  t  e  d  thus: 

t  liver...  I .  •  N  ■  ocN-’  FJ  layer...  I.'N-  ji.N  til 

where  fi  in--  the  squu  1 1  ■  - 1  aw  uid  line. ii  loss  coefficients.  Tot  the  t  and  FI  lavris,  the  effective 

•qu.ir  e- 1  iw  lo-x  i'  op  I  f  i  c  lent  is  a  ''nT-bin.it  mn  <’t  the  Values  of  >r  for  (he  moleculu  ions  present,  for  the 
y  J  J  |\«J  .  »  fie  lineal  loss  (Iieftli  l«‘llt  is 

Ji  k’  n|  I)  .  I  -  k”  nl  V,  J  •  ’  1 

-her.-  k’.  k‘‘  -lie  tfie  rile  ■  |  i<  ie„t  s  ol  the  i  <■ 1  *-v.ii«t  .Te--tic.il  •  lon-atnrr:  l  nt  e  r  i  Mange  «  inactions,  Whether 

•  I,  ij"  t  t  fie  f  1  Jive,  appears  as  a  distinct  live,  tan  be  shown  to  depend  mi  the  tat  10  o  p-  ■  *q .  evaluated 

il  the  lev*-!  of  p**ak  production  m  the  M  lav*’!. 

l.t  rh-  FJ  peak 

rhe  upward  i  in  i  ease  of  electron  density,  above  the  FI  liver,  stops  at  tin-  F'2  peak,  the  height 
win-  r  e  i  hemi<- il  emit  ml  gtv.--.  wiv  to  gr  av  1 1  at  i  m  1 1  or  diffusive  control.  At  r  he  FJ  peuk .  the  t  r  a  ns  pin  l 

ie,-<  intfe-  continuity  equ.it  ion  >  J  ■  ne  ton-par  ible  to  pioduct  uni  and  loss,  which  are  toughlv  m  balance 

be|ow  i  hit  height.  A*  g  i '  ■  • » t  e  i  heights,  i  tins  and  elections  take  up  i  gi  av  1 1  at  icnia  1  d 1  st  r  r  but  ion ,  e.g. 

!  1  . 1 .  lh**  FJ  po  ik  >s  gnveiued  l>  v  the  iel  it  i  mis  '  in  which  D  is  the  nni-m-iit  i  i!  diffusion  coefficient,  arid 

tfi*  ul  fix  ~  d*-iio  l  *--  v  tines  it  t  he  p*' ik  heigh*  *  •  : 

r,  li.,  H*  \.  dn,  ««>' 

Un-  height  rtf  the  pe  ik  tan  be  ilt*>,ed  bv  neufial  air  wind  or  an  electin'  field.  A  hot  l. ’out  a  l 
wind  blowing  towaid--  the  magnetic  eqoatoi  drives  tin*  jonl/ation  up  magnetic  field  lines,  riming  the  peak 
iml  im  rei-tng.  N.f .  Opposu,*  effects  are  p|0«luc:ed  bv  a  poleward  wind.  PnJeward  winds  tend  to  occur  at 
Might  •  it  1  »-.»s  t  fo,  the  eijuiuox  situation  of  Fig.  **.  eqnatotwaid  winds  by  day.  In  principle. 

•  t-fw,id  wesiwacf  .do  ii  if  fields  also  produce  upwa  id /downward  eject  romagnet  if  drift. 

Some  f » i  the  i.ri s t  challenging  problems  -ire  in  the  Meld  of  t'2  l  iver  behaviour  .  Physically,  this  is 
-t, idl'd  bv  -olviug  the  continuity  equation  IJ’.  in  which  V  is  the  transport  velocity  due  to  winds, 
e|e<irn  fields,  and  plasma  diffusion.  As  is  well  known,  the  solutions  a«e  complicated  to  obtain,  and 
'1  iff  it  ult  to  "t  al  ihi  at  e"  in  terms  of  real  data.  P»*iUaps  the  v..\in  reason  is  » hat  the  physical  parameters 
and  •  neff  i,  i  »-n  f :  -  mi  the  equation  are  not  eas  1 1  v  -"usmi'il.  and  most  lie  known  only  to  within  an  accuracy 
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of  say  2S%.  Production,  loss  and  diffusion  coefficients  of  course  depend  on  the  neutral  air  density,  so 
any  useful  physical  solution  of  (2)  requires  such  knowledge,  which  ran  only  come  from  \  reliable 
"empirical"  or  "physical”  model  of  the  neutral  upper  atmosphere. 

Foi  mid-latitudes,  the  "servo"  model  (lSj  represents  the  layer  as  a  quasi-equilibrium  system  m 
which  the  height  (ha),  responding  to  vertical  drift,  tends  at  any  time  towards  an  "»*qui  l  ibr  iuc."  value 
(hp.'t  primarily  determined  by  diffusion  and  loss  rates,  but  is  modified  bv  vertical  drift  W' t  i ,  m  the 
mannei  represented  by  the  "hunting,  equation" 

dl^/dt  ~  H  ’  t  he  -  h„.  /  *  Wt  t  *  *?• 

i  where  D*  is  related  to  the  diffusion  coefficient'  and  the  time  variation  >  dN^F'J  dt  t  of  the  peak  density 
is  then  computed  from  the  ambient  production  and  loss  rates  at  heighth^..  The  "servo"  equations  that 
'l'-jcnbe  this  behaviour  are  much  simpler  to  solve  than  the  full  continuity  and,  if  propeilv  calibrated, 
might  hi  principle  provide  a  useful  too]  for  F2  layer  propagation  calculat ions. 


1 . a  Tops ide  ionosphe  re 


The  shape  of  the  topside  F2  layer  is  controlled  by  diffusion.  The  topside  is  not  static,  is  rh»*r»- 
is  generally  some  flow  of  plasma  along  geomagnetic  field  lines.  This  is  input  taut  for  the  naiut  eijain  e  of 
the  F2  layer  at  night:  within  limitations  Ilo|,  the  F2  Javer  supplies  ions,  through  u*  -  H*  chaige 
exchange,  to  the  overlying  piotonosphere  by  day.  with  a  reverse  downward  flow  at  night,  rhe  pi ntonosphei  *• 
may  thus  act,  to  a  limited  extent,  as  a  reservoir.  In  high  latitudes,  the  ionosphere  can  hr*  m  r  pm  taut 
souice  of  magnet ospher ic  ions  { 1 7 J 


a.  I'PPF.R  ATMOSPHERIC  INFLUENCES  ON  THE  IONOSPHERE 

a . I  Thermospheric  S t  ruct ure  and  Compos 1 1 i on 

I  p  to  i bout  100  km:  the  major  gases  •  ::»j lecu] at  nitrogen  arnl  •  .u<-  w*  1  1  r  :\ed  bv  w;m}-.  m  l 

turbulence,  and  then  concern  r  at  ion  ratio  does  not  change  with  height,  though  tins  i--  not  th»  m-*  for 
the  many  minor  const  1 1 ut-ni s .  Tinhulence  ce  ises  at  the  tuibnp.mse  neat  HjO  km.  md  above  U)0  kT  •  h»- 

aie  diffusively  separated  bv  the  action  of  gravity,  SO  that  alor.  i<  oNvg»*n  'Im'i.e-l  b\  the  d  r  «so<  s  a'  i<m  >.t 

tixvgen  molecules  hv  saint  UV  radiation)  progressively  becomes  more  abunrlant  than  the  heavier  ’tuiecul  u 
gases.  The  chemical  composition  also  varies  with  time  and  season.  For  rx.t>  pie,  the  atomic  r  i*-i  I  « j  ta'/: 
above  200  km  is  greater  m  winter  than  in  sumrei  .  while  localised  variations  jj  acpnsit  nm  ,u  an  m 

auroral  lititudes.  These  variations  arise  m  a  complex  way  from  the  globi'  t  tn*  c  •vosphi.*  i  ii  i  1 1  cul  i*  i>  n 

driven  bv  solar  and  auroral  heating.  The  modelling  of  thermospheric  dynast,  us  and  l  cimpo-*  i  t  ton  has 
progressed  far  in  recent  years,  e.g.  I  1  -i — 2 1  1 . 


The  tempeiutUio  of  the  thermosphere  i-  governed,  it  the  bo'tur..  bv  the  q,  tii>-e  i**:  pej  tfrrro 

:  abom  ISO  k*,  but  it  increases  rapidly  upward.-,  with  i  gradient  <IT  rill  hte,.  «ned  bv  tie  ••>■!«:  heal  snp’H. 
Higher  op,  where  the  thermal  eorulucl  ivitv  of  the  an  becomes  large,  the  t  e-, per  at  trie  gradient  ,i  r  dh 
flattens  nut,  and  T  tends  to  a  limit  known  as  the  exospheric  temperature  I.,  which  v  tries  i  ons  id'*!  ih  1  c 
with  local  tiw  •  l.T  » .  latitude,  season  and  the  ti-vear  sunspot  cycle.  Tvpicallv  at  •:  ru-i.it  j  t  <.d»  T,  i00 
K  at  n.iddav  and  *00  k  at  midnight  at  sunspot  minimum,  and  1  40U  K  and  1100  F  respectively  at  .-am.- pot 
rax  131.1. 


The  dally  maxima  and  siiiim  of  T.  around  !-*00  and  0500  local  ti,**  are  1 1  uat  *‘d  in  low  1  t’  it  odes 
near  equinox  but  migrate  north  and  south  at  the  solstices  'Figs,  «  and  >•.  Mn*  tempe;  at  in  *■  variation-  ji- 

mainly  due  to  solar  heating,  winch  causes  tin*  atmosphere  to  expand  01  bulge  on  the  davlif  side  ot  1  h* 

Earth,  creating  1  hlf.h-pr  eSSUI  c-  region  often  referred  to  -is  the  , lav  time  pjesMiie  bulge,  l.m  a  1  1  her'  lug. 
in  the  ail/01  <1  OValS.  dlte  to  the  eileigv  deposited  bv  energetic  particle-  tnd  •*le4tiic  on  oMi'  --  t  t  or.  !  hr 
magnet osphet e .  is  not  shown  in  these  maps. 

» .  2  l.^irer  Atmosphere  W  mils 

The  temperature  var  t-ti  ions  shown  m  Fir.j*.  <  and  -  give  ms*  to  cm  ■  •- spur  id  1  ng  |tos  -iio'  gi  niient;-. 
Jusr  is  in  the  lower  atmosphere  .  horizontal  variations  of  1 1  1  i«i  •■sstti  »■  t>|...|o<.  winds.  ih>-  wind  \  - 1 . , .  jt\  ' 

’  of  the  neutral  air*  1.-  coni  ml  It'd  bv  1  h>  cot  tolls  lone  due  to  the  Enth’.  1 "  1  1'  nm  wir]i  tugulti 

velocity  the  molecular  vis»‘t»Mlv  ot  (he  an  •  end  t  r<  lent  ^*;  md  um-diig  -  the  fii«ti,n,  ,tu* 

collisions  between  ait  mo  let  tiles  and  ions,  which  exists  bn  arise  l  tie  tuns  >.  nmol  :r;ove  t‘  1  »■*- 1  v  witt,  Mu* 

wind.  The  lon-dtig  depends  on  the  ion-neu»ttl  collisions  Mate  . if  n  i.nt  r  •  mf  the  d  1  f  r  «•  1  «*tu  >*  r»*iwe»i« 

the  wind  \e  1  or  1 1  v  l-  and  tin*  ion  diift  velocity  V,  the  litter  hems  'Minlv  oi[iliull*'i!  b  l  t  t  or*  »;• .  u«- 1  1 1 
fotces  'Sec.  4 .  ‘>  » .  Gravity  md  the  Vi*:l  iv.il  ptessUi**  gradient  .ne  op  it  ted  he.  01.  1  t  hex  1 !  -  . .  t 

precisely  in  balance.  The  equation  foi  the  horizontal  wind  velocitv  1  then 

dl'  dt  F  -  J  x  r  -  EN'l;  -  Vi  -  i  p  i>  1  V-Y 

whe  1  e 

y  -vh...  iM"  f 

tepiespnts  the  effect  of  the  horizontal  piessiue  gradient.  At  gieat  heights  Me  -'m  o^jh  tu-co*a*s  vejx 
effect  >ve  and  tends  to  destroy  spatial  variations  of  t  ;  .1-  _t  u-sult  .  the  wir  1  1 1 1  )  e  with  heigtit. 

Lower  down,  small-scale  velocity  gradients  are  not  smoothed  out  bv  vision 

The  wind  direction  depends  on  the  ratio  of  Coriolis  Jorce  t  »>  ion-di  ag.  is  n.t\  lie  illnsti  tied  t>x 

cotrsidei  jng  some  special  si.eady-st at p  cases  'with  dlj.-dt  -  0  and  viscosity  neglected  ■ .  it  u>i  iidi-»  tone 

is  dominant,  and  ion-drag  is  small  as  in  the  lower  ionosphere,  the  wind  blows  it  right  angles  to  the 
pressure  gradient.  Then,  at  latitude  4: 


F  ’  *  2£  sin  $  ■  <  C  [  F  1 


<  10  ■ 


(the  situation  familiar  in  the  weather  maps  of  the  lower  atmosphere,  with  the  wind  blowing  along  the 
isobars*.  A  different  situation  exists  in  the  davtime  F  layer,  where  iun-diag  is  large  and  V  is  almost 
parallel  to  F: 

L  -  P/  i. KN  Sin  I)  It  ||  F)  til* 

If  both  ion-drag  and  Coriolis  force  are  significant,  the  wind  is  inclined  to  the  force  f  . 
Accordingly,  the  schematic  wind  vectors  shown  in  figs. 4  &  S  are  neatly  parallel  to  the  temperature  *.»id 
pressure)  gradient  by  day,  but  are  slightly  deflected  by  Coriolis  fence  a;  night. 

The  neutral  air  velocity  is  of  course  subject  to  equations  of  continuity  and  energy,  as  well  a< 
the  equation  of  motion  i8>.  Generally  speaking,  production  and  loss  piocesses  are  un impoi t ant  fen  the 
major  constituents  of  the  neutral  air,  and  the  continuity  equation  «2»  is  just 

dn/dt  ■=  -  div  *  nl‘  >  ■  1 2  • 

The  pressure  distribution  and  the  wind  velocity  automat ical ly  adjust  themselves  m  such  wav  as 
to  satisfy  this  equation.  Thus  any  divergence  tor  cnnvergencei  of  the  horizontal  winds  must  be  balanced 
by  upwatd  (or  downwaid'  winds,  so  that  div  is  small,  furthermore .  the  mot  toe  must  satj^fv  the  ene/gv 

equat.  ion. 

4 . 3  Atmospheric  Tides 

The  thermospheric  winds  just  described  are  part  of  a  vorv  complex  system  of  atmospheric  tides, 
which  can  be  resolved  into  numeious  components  i  24-hour  .  12-houi,  etc  with  dtffeient  tvp»-s  of  latitude 
variation*  [22).  The  tides  are  '‘forced”  (driven1  by  the  heating  effect  of  th«*  Sun.  ml  bv  th*  giavitv  ot 
the  Sun  and  Moon,  though  'unlike  the  case  of  marine  tides-  the  giavit  uion.il  tide,  tie  veiv  inh  u < ■  » k » - 1 
than  thp  predominant  solar  thermal  tide,  which  is  driven  bv: 

-  Absorption  of  solar  EUV  and  X-iays  in  the  thermosphere; 

-  Absorption  of  solar  GV  in  the  ozone  I  aver; 

-  Heating  of  the  ground  and  lower  atmosphere  by  visible  and  infia-ied  radial  . . 

The  weak  Lunar  tides  in  the  thermosphere  gives  weak  ionospheric  arid  geomagnetic  effects.  Th<-  :-r>st 
important  effect  of  tides  on  the  ionosphere  is  the  generation  of  electin'  fields  and  «'niient  hv  d\nim<< 
action  in  the  geomagnetic  field,  giving  rise  to  electromagnetic  drifts  ‘Sec.  4.'»i. 

4.a  Gravity  Waves 

The  tides  may  be  thought  of  as  a  special  kind  of  atr.nspher  ic  wave.o!  which  the  atr-nsphere 
contains  a  vast  array.  The  wave  pet  tods  taiige  over  seveial  oidejs  of  magnitude,  tin-:  the  2b— inuMi 
quas i-biennial  oscillation  to  Ultrasonic  waves  of  periods  1  s  -some  of  which  are  associated  with  aurora 
and  with  seismic  activity).  Important  tvpes  in  the  upper  atmosphere  include  plaieiaiv  w.tves,  with 
wavelengths  of  order  1000km  and  periods  of  days,  wmrh  are  important  in  the  mesophere;  tides  «Sec..,J>; 
and  acoustic  and  gravity  waves.  Acoustic  waves  ate  oscillations  of  lelativelv  short  period  »  >  :v  i  n » .  in 

which  the  restoring  force  is  due  to  compression  and  gravity  is  unimportant.  Gravity  waves  are 
oscillations  controlled  by  the  buoyancy  of  the  ait  and  have  a  complicated  phase  struct  tire.  They  mh  be 
divided  into  classes: 

-  Short-period  and  medium-period  gravity  waves  'periods  of  S  —  30  minutes,  wavelengths  ut  100-500  km, 

horizontal  speeds  of  100-200  ms-1)  are  generated  rn  the  lower  atmosphere,  for  example  bv  storms,  by  winds 
blowing  over  mountains,  and  occasionally  by  man-made  explosions. 

-  Long-period  gravity  waves  (periods  of  0.S-)  hours,  horizontal  wavelengths  of  1000-4000  km.  speeds 

of  400-700  m  s-1  >  are  generated  by  disturbances  in  the  thermosphere,  rrainlv  in  i  he  auroral  oval.  They  can 
travel  for  thousands  of  kilometres,  and  are  particularly  prevalent  at  times  of  geomagnetic  disturbance. 

Waves  propagated  to  the  thermosphere  from  lower  heights  are  select ivelv  filtered  bv  the 
temperature  structure  of  the  mesospheie.  in  i  way  that  varies  with  season.  Herein  lies  i  stione  source  uf 
variabil lty. 

4 . S  Electric  Fields  and  Drifts 

If  the  ions  are  drifting  under  the  influence  of  an  electric  field,  generated  bv  dynamo  action  or 
introduced  from  the  magnetosphere,  the  ion-drag  term  in  *8*  acts  as  a  driving  torce.  Similar 
considerat  ions  to  those  of  Sec.  4,2  apply  to  the  resulting  wind  direction.  In  high  latitudes,  these 
"electrically-driven  winds"  may  predominate,  though  auroral  heating  produces  localized  pressure  gradients 
and  associated  winds,  so  both  causes  of  motion  must  be  fully  considered  in  the  dynamics. 

Except  at  low  latitudes,  the  "electromagnetic  drift"  E  x  that  is  produced  bv  an 

electrostatic  field  R  in  the  F  region,  is  predominantly  horizontal  and  therefore  does  not  contribute  much 
to  the  continuity  equation  <  2 1 .  It  can  however  have  important  consequences  in  the  large-scale 
"convection"  pattern  at  high  latitudes  (Sec.  S.4>.  because  of  the  way  the  convective  diift  carries  ions 
and  electrons  between  regions  of  very  diversr  production  and  loss  rates.  At  low  latitudes,  the  "electric 
fountain"  that  produces  the  "F2  layer  equatorial  anomaly"  is  a  striking  example  of  electric  field 
effects.  Electric  fields  -  whether  tidal  or  magnetospher ic  in  origin  -  are  zerv  variable,  and  probably 
contribute  greatly  to  the  day-to-day  variability  of  the  F  layer. 
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5.  IONOSPHERIC  PHENOMENA 

Although  the  behaviour  of  the  mid-lat  ituile  quiet  ionosphere  is  quite  w*- 1  1  Known  -uni  understood, 
many  phenomena  that  bear  on  radio  propagation  .we  not  fully  explained,  and  theie  are  many  profilers  n 
high  and  low  latitudes.  Ionospheric  vai  lability  fhour-tu-hour .  day-to-day  or  pl.u  e-to-plac**  i  u*  a 
pervasive  problem,  and  many  of  the  topics  to  be  discussed  have  some  bearing  on  it.  Only  a  select  mu  of 
topics  that  are  particularly  associated  with  dynamics  ate  mentioned  here  and  >  as  before*  "textbook" 
mateiial  can  be  found  in  works  listed  in  the  Bibliography. 

5 . 1  Sporadic  E 

Sporadic  E  i.Es)  is  important  tu  radio  propagation.  High  Fs  critical  [  reqimru  i»‘*  .  n<  cm  r  i  rig  in  die 
sporadic  and  unpredictable  manner  that  gives  sporadic  E  its  narse.  <  m  pi.-sent  wvih  pnihler.s  *<■  .  elio 
communications.  It  is  thus  worth  considering  what  physical  understanding  exists  of  Fs.  m  tie*  hope  iha» 
understanding  might  eventually  lead  to  some  degree  of  predictability. 

Twelve  standard  classifications  of  sporadic  E.  based  on  the  appearance  of  nmogr  irs,  h  rv*  b-i-u 
defined  [211.  These  classifications  are  morphological  rather  than  phvsu  il.  and  then  usd' nine'.--  »■.  be 
limited.  Physically  there  may  he  only  three  main  types:  'It  Equator  lit  Es.  a  ptiv^i  instability  ■  au-ed 
by  the  high  electron  dtift  velocity  ij.e.  the  large  current  density*  hi  tin-  <livt  n:e  equatorial 
electrojet.  Its  physics  seems  reasonably  well  understood  [2'*J  though  i ut »*i **st  tug  questions  leram. 
especially  regarding  the  "counter-elect  rojet"  winch  is  assoc  tiled  with  -nue  other  uuic-.pleM  jc  phennr  •  ru . 
Since  it  is  fairly  regular  and  its  piuimii  cs  ne  well  known,  the  equatorial  r*lec  t  n;  j.-i  d-e'-  nor  p 
any  great  practical  problem:. 

(2)  Particle  Es,  caused  by  precipitation  of  auroral  particles.  whidi  has  set  ions  eftVrts 
propagation  at  high  latitudes,  but  might  be  tie.ited  -is  an  asuect  of  the  animal  n;  il  md  ii-  ».-.-<><  ui*.-d 
phenomena . 

*  3  >  Mid-latitude  Ks  is  thought  to  be  produced  bv  wmd  shears,  j.e.  .-r.ill-x.ili*  gr  ad  l  cut  s  of  wind 

velocity  ( 2S ) .  The  sheared  wind  interacts  with  the  geomagnetic  field  in  ..rich  a  uty  ,  t(  ;  *f  pr  «■-■»  n-n 

into  thin  layers,  typically  1  km  thick  but  100  kn.  in  !t<>ii/ontaI  extent.  Theory  shows  that  .  to  r*xi-*  !'■■ 

r:, mutes  oi  hours  as  observed,  these  layers  must  comprise  long-lived  uu-  *  ither  than  the  uclnun  •  ms 

ionospheric  ions.  It  is  generally  accepted  that  these  ions  are  retail!*  .  for  ~ <  I  K  unu 'at  mu  •  »!  ir  n  e 

constituents  such  as  Fe.  Mg  and  f.a.  Some  losms  of  these  layer*  .tie  «- -u.  ia»*-d  with  — duuni!  ‘idtl 

winds,  which  arc  fairly  regular  and  might  hive  some  predictability,  iitheis  tie  r .  i  r  r-  *  * , »  bv  -■< a  f  I ••  r -x  1 1 * 
winds,  possibly  by  gravity  waves,  and  for  pt  tcMcal  purposes  are  tjulv  "spoi  ul u" .  So.  ■••,»*n  where  « |,. 
likelihood  of  Es  is  statistically  known,  .let  riled  predntions  seev:  bevond  ( *•  *  f,  n  pj . . . 

'■  .2  M i id-  1  at_  i  t  iide  F2_lxye r  Ann:.  a  I  )  >‘s 

The  F2  layer  is  not  verv  leguir,  .  md  is  shown  in  F  igs.  1  -  1  h  i  -  m-  itm  -  ■  i  h  it  >1 1 1  f <* t  !  > 

those  of  a  purely  sol ar-cont  to!  led  layer  .  ihe  rram  atinr.i  1  u  *. ,  with  I  h*'  i  •  prohibit  *  m*.  -  .  tie  follow-: 

Ui  The  shape  of  the  daynigh*  variations  ol  Nr:  F  J  ano  hmK2  r.av  largely  he  die  . . a,  4|  lti  wind-,  md 

•  to  some  extent'  elect  tic  fields.  Around  sunset,  the  reifliou.il  »  o*  q>i  ineni  ot  tin*  wmd  .  !■  o. ...-  -  ti.- 
poleward  to  equal  nr ward  -  see  Fig,  •>  -  t»d  the  result  nig  F liver  diiit  t  haiiges  fro-  lownwir-l  ro  upward. 

This  is  a  probable  cause  r»t  the  common  l  v  observed  l  mi  else  <d  \  F in  » lie  !  r'>.  everting.  !  In*  •  r-«ul 

prr’-d.twn  decrease  of  Nrr.FJ  is  probably  rmueu  ted  with  the  t'i|i|.r  i  >  >  i  w  1 1  <1  - 1  o-  po  1  ewt  r  d  wmd  re\er-., t)  » •  •  -  ■  ■  1 1- 1 
that  tine. 

<  b)  The  auom.ilous  seasonal  vitiation  ifig.  t>  i*  it  t  i  l  lint  able  to  t  h  mge*  ot  the  ato-f  :n  1  i-c  •  i !  i  j  :  *  *  ;  >  • 

of  the  neutral  air.  produced  bv  the  global  i  imil  d  nm  m  the  e  her  . . . 

»v>  The  semiannual  Variation  l  rr  the  F  2  layer  is  a  ;■  an  t  f  esl  .it  f>n  nt  r  gloh.il  t  he  r  o  •  pin  i  i  •  ph-  m*>'  •'in  nr , 
the  origin  of  which  mav  lie  lit  niter  returns  With  lower  levels  ui  the  it mnsphei  h  , 

•d»  The  F2  layer  is  maintained  at  night,  partly  bv  being  i  used  bv  winds  *whuh  I'-dme*  the  -  i’.  iix.- 

value  of  loss  coefficient,  in  <  ‘r  * .  partly  bv  ml  low  f  r  or  tin*  pi  nt  onnspbet  e .  md  put!-,  t*  v  « i  r  ■  •  i=  I. 

nocturnal  F.FV  sources  and  perhaps  particle  p  r  »»c  i  p  i  <  at  i*m . 

5.1  The  Equatorial  ionosphere 

Irr  low  latitudes,  elect  r  u  fields  <  in-e  »  drift  of  inni  /  it  i  <n  aw.n  lio-  I  h»*  ragnetic  ***j » i  t  *  u  liv 
day,  producing  a  depletion  known  is  the  equator  ii!  trough  or  Appleton  mo'  1 1  v .  lnt.n  «  i  r  r  »-gii  1  r  r  1 1  i  <■-, , 
kmiwn  as  equatorial  spread  F,  may  occtir  m  the  etju.it  ot  ia  1  F  lawc,  genoialK  rlfer  sunset  when  pi  i  >  :•  r 
instabilities  develop.  The  other  major  phenomenon  ts  the  equal  or  la  1  elm  tiojel  in  the  F  1  rvej  ,  whuh 
depends  on  strong  pol.tr  l /at  ion  fields  that  develop  in  the  equat.nii.il  sitiM'inu.  torrent  preblem-s  are 
concerned  with  day-to-day  .nut  solar  cycle  vat  i-tbi  1  it  ies,  tin-  r  nt  act  ion  between  the  nm-  and  nent  i  tl 
atmosphere,  and  the  mechanisms  of  penetration  of  magnet  os  p  her  ic  electric  (i«*ids  fo  low  latitude--  j  2*< ) . 

S.-i  Auroral  Oval  and  Assoc i_a t ed  F'hcnomeiia 

Many  geophysical  phenomena  are  caused  by  auroral  particle  p  t  ec  i  p  1 1  r  t  um .  tin*  incidence  .  -  t  whuh 
is  closely  related  to  the  "aurotal  ovals",  rings  2000-1000  Kn.  in  diameter  1 1i » t  -m  inmul  the  1  tgier  u 
poles.  Two  types  of  precipitation  have  been  defined  l‘27|.  the  intense  i:pnlsive  "-.pi ash*"-'’  "I  relatively 
soft  i  keV)  particles  associated  with  substmms.  and  the  mote  persistent  barkginund  "dri/le"  .q  Imdei 
'MeV*  particles  at  rather  lower  latitudes.  They  include: 
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SPLASH  EVENTS  DRIZZLE  EVENTS 

*  Discrete  auroral  forms  $  Steady  diffuse  aurora 

Amoral  absolution  events  £  Slowly-varying  absolution 

-  Auroral  sporadic  E  (3  Low  diffuse  sporadic  t' 

Rapidly  fading  VHP  scatter  @  VHP  forwaid  scatter  ?  SO  km 

Tmpulsive  Pi  pulsations  @  Continuous  Pc  pulsations 

•  Bursts  of  VLP  auroral  hiss  @  Quasi -const  ant  VI,  F  i  hums 

'  Short  bursts  of  keV  elect  r "ins  (3  Sustained  election  fluxes 

Biemsst  t  ah  lung  X  tav  huisfS  *3  Lmig-dmai  tmi  hud  X  mvs 

Spread  P  echoes 
Negative  magnetic  hays 

Since  many  of  these  phenomena  influence  radio  wave  propagation,  any  scheme  that  organises  the 
data  on  their  occur  i  once  is  potentially  useful.  In  pimciple  it  should  he  possible  i i  »<ju  cs«>nt  the 
position  of  the  auroral  ova  J  in  terms  of  geographic,  g»?omagn»*r  u  and  solar -I  er  rest  r  i  1 1  par  r.vWer.s.  either 
"empirically"  or  “physical  lvM  •  ill  the  Sense  explained  in  Sec.  2.1*.  Then  the  positions  of  lonosphei  Ji 
features  could  he  related  to  the  geometry  of  the  amoral  oval. 

Fig.  *>  is  a  si  heir.it  it  plan  of  t  he  mu  tlnun  amm.il  oval  md  features  linked  to  it.  •'  oval  <  iu 
in  fact  be  quite  well  represented  by  a  circular  ting,  the  -.eniie  of  which  is  offset  by  ,t  f,-w  ,nv.,  mi 
the  midnight  side,  from  the  ragnet  ic  dip  pole.  Both  the  mean  latitude  ■  M  ■  and  offset  -S'  depend  on  tie 
geomagnetic  K-figure,  which  in  turn  depends  on  solai  act  ivttv  and  the  v-m!  igm  :t  ion  -it  the  i  ut  e  i  p  l  an-'t  u\ 
magnetic  field.  Tills  leads  to  the  following  equal  ions  to:  the  geon.ipnet  ic  lillt’.lde  ot  th--  ovil.  u,  t  »•  i -s 
of  Imal  geomagnetic  time  OT  fin  hums),  of  the  type 

L  M  -  S  cos  n  «' OT  i  12  -  M  ■ 

Suggested  values  *  In  degrees'  tin  the  bound. ules  of  tile  oval  are: 

Pulevaid  bmtnd.iiv:  M  7  3.7  -  0.1  K  S  J.'t  -  (l.r>  k  ■  1  . 

Equal  m  wild  bound  ai  v:  M  71.-.  -  !*.  )  ?  S  '«.<■»•  0.  IS  K  ■  !  ,  ■ 

The  pai.ur-eteis  involved  •  magnet  iv-  latttud*.  tiugiiet  u  <<  l  i  v  i »  v  m-t  t  •  .•  m  be  defined  in 

d  l  tie  i  •  ■  1 1 1  wavs.  If  the  L-figm*-  i taker,  the  high  Iitlto!.-  qn.ii  t  e  i  -hull!  1  v  index  Q .  the  ■  |<i  i<  imi>  tit 

quite  well  the  nmihein  hem  i  >phei  e  amoral  data  |  2-S I  .  though  fur  otliei  j-m  j  o  lilt.ieut  p  u  i:-ite:-. 
•Mght  fit  better. 

••'i  The  ■  -inver  t  ion  Pattern  and  its  M'ti-cts 

The  agliet  u  linkage  be'we.-n  the  solir  wind  md  the  h  I  gh- 1  at  i  f  ode  ge  i:-  q- ne  t  u  Jie-.l  leid-  to  i 
last  dav-t  i.i— ii  ight  drift  of  lonosphei  K  pia-ma  icm.-»-  the  polar  -  q-  |  J  « |  .  Till-  -upj.il-'  plis'Sa  to  the 
mghtside  of  the  polai  ionosphere,  til  hough  this  -aijrplv  rav  he  Intel*.  balrno-d.  in  t|ir*  the  tapul  drift 
rlso  leads  to  an  imra-ase  in  the  decay  rate  of  the  pl.r.-.a.  Ihis  -:.r.  solve  the  .J.)  j.a. •.■;••  ,  -  I ...  how  fin* 

ionosphere  was  v. untamed  throughout  the  jml  n  winter  hi  the  ahsence  of  sola  mui/iiiig  i  «1i-ii  mu.  i  T1’- 
pol.lt  c  ips  -lie  l  It'll  1  <n.  at  I  oils  ot  st  long  put  It  1  e  jiietlj.lt  jiimi.  md  osrlv  w  lk  '--‘lin  »-«.  of  lotil/litg 
1  tdl-lt  Kill  exist  111  the  night  'kv  *. 

This  il.iy-t  o-n  tght  drift  sketched  in  Pig.  *•  *  is  p-ltt  ul  the  I  ii  ge-sca  | .»  I  II'  III  |I  |.  n  m  nmvi-rt  nm 

of  plasma  in  closed  loops.  At  -irh-aut  nr  a  1  latitudes,  the  Conver  t  imi  pattein  also  ee-  f .  •  u  <  mint  I'm  the 

trough,  i  region  of  low  plasma  densiiv.  la  jiu  •  ii  ulai  .  the  conhiuatHui  of  the  kt.th's  mi  rt  ion  and  the 
convi't  t  ion  velocity  causes  j'lrs-r.i  to  become  rl-n-t  't.it  m.h.iiv  with  i  *-*»pet  t  to  t  h»  Sun,  m  the  evenuig 
Vi  Ini  ,  If  Ihis  stagnation  point  -at  20  i-T  in  kig.  *• .  is  in  il.iihmss,  tin-  plasma  densjlv  -  an  deca\  *  n 
Ver  v  low  l  eve  Is  |  J()  |  . 


h.  STORMS  AND  I'HMR  1 0.NoSI'HER  1 1.  EPF  hi.  Is 

*.I  Sov.ir.aiy  of  Storm  Phenomena 

Fnergel  ic  plasma  st  r-'.ins  travel  to  tin-  larth  as  si  r  eng  j  hen  i  ngs  -if  the  .olar  wind.  :■  he  i  i  . -.jil.-x 
ter  i  i-.>T  r  l a  1  effects  include: 

1.  M  tgnet  usphe  r  ic  compress  ion ;  entiaiK  »'d  --nejgv  input  leading  to  t  reqin-nt  md  Violent  t-ii-t  r!  'llhst  u  i  •' s  ; 

the  or  m-t  i::ie  ring  cm  rent. 

2.  Intensified  activity  in  the  auroral  ovals,  with  exprnsiou  towards  lower  latitudes. 

3.  i.eo::.agiie  t  ic  d  i  - 1  ii  r  h  on  es  ;  the  stuir—  time  decrease  tine  t  o  the  r<  ague  t  ospher  t  r  "iing  iiiii.-nt";  "agm-tn 
biv<  due  to  auroral  currents. 

*.  Ionospheric  stiiir  idfn't  »  if  ill  IK  if  odes;  short -tm-  and  Jong-t.-r-  f)  I  nm  i-tin  ts;  P  Liver  negative 
mil  pos  1 1  i  ve  s  t  «i»  ":s  . 

Lhenorieria  of  Imm  fhi-i  H  Storms 

The  totiospher  ic  -Ifn  Is  are  w  I  de-p  r  »•  id  .  oiq>  t  e.l  i  •- 1  ah  1  e  in  -let  til.  and  lie  must  l-pm  taut  I  i  o::-  the 
|*o  l  nt  ot  view  of  radio  pi  opagat  Km .  Sn:re  examples.  , , ,  J.-ailv  v  r  s  1 1  •  1 .  ■  hi  Pig..  2.  However,  some  patterns 
of  behaviour  ne  known,  and  night  in  pi  tin  lpl»-  piovid*1  >»n:.e  ptedli  '  it-ilifv.  if  milv  on  an  empirical 
basis.  To  ?  off.P  extent  » he  J-Iin-  pherrO'rerii  -lie  heln-ve-l  »o  he  1  r  aliS*'  I  *  » <d  !  i  ""  lllidial  l»t|t>ld<-s  tow.lids 
lower  1  ill  lodes  |  31  J.  lust  how  much  that  mem.,  md  whether  i>  could  foil.  '  h**  basis  of  sho  r  f  - 1  «•  i 
for  ec  a-t  mg.  l  _  still  a  r.attei  1»m  invest  igat  ion. 


The  F2  layer  is  often  profoundly  affected  during  magnetic  storms,  with  serious  consequences  for 
radio  propagation.  At  nud-lat nudes  the  F2  layer  electron  density  increases  during  the  "initial  phase", 
then  often  shows  severe  decreases  in  the  "mam  phase"  of  the  storm.  The  changes  have  complex  local  time 
and  universal  time  variations.  Recovery  takes  2-3  days. 

In  the  lower  ionosphere,  particle  precipitation  at  high  latitudes  produces  changes  in  the  D 
layer,  which  are  propagated  to  the  mid-latitude  D  layer,  and  which  may  last  for  ten  days  or  .so  (32}.  The 
mechanisms  of  this  "storm  after-effect"  involve  atmospheric  chemistry  and  dynamics. 

h.l  F2  Layer  Sturm  Physics 

The  F2  layer  storm  effects  have  been  attributed  to  combinations  of  enhanced  thermospheric  winds, 
chemical  compos  it r on  changes,  and  particle  precipitation,  all  of  which  are  known  to  occur,  and  which 
might  in  principle  result  fiom  disturbances  propagated  from  the  auroral  rivals.  In  effect  the 
high-latitude  energy  inputs  modify  the  global  thermospheric  circulation,  in  the  manner  portrayed 
schematically  by  Fig.  7  113-35).  It  is  well  established  that  the  global  circulation  is  severely  modified 
during  magnetic  storms,  and  that  the  world-wide  changes  of  thermospheric  temperature  uh  a  consequence  of 
that;  the  "storm  circulation"  is  the  global  mechanism  through  which  the  storm  energy  is  dissipated 
till  oiighuut  the  atmosphere. 

t’urient  work  suggests  that.  (a)  the  best  exp  lariat  ion  of  the  "main  phase"  F2  layer  effects  lies  in 
l nc leases  of  the  loss  coefficient  in  thp  continuity  equation  i 2  > ;  »b'  that  these  increases  can  reasonably 
be  attiibur>*ri  ro  changes  of  chemical  composition,  such  as  a,e  observed;  «c»  it  is  possible,  though 
unlikely,  fh.it  the  F2  layer  loss  coefficient  might  instead  be  enhanced  by  m«  teases  of  the  rate 
Coefficients  in  <S>,  perhaps  thiotigh  ir.nl  ecu  l  ii  excitation;  id>  there  are  difficulties  m  explaining  how 
•lie  "stum-,  emulation"  does  «  hinge  the  chemical  composition  in  this  way;  <ei  the  rules  of  turbulence  .md 
•if  mi  nor  •.  on ->  i  r  ue«t  s  »ri  the  lower  thermosphere  mav  be  very  important  in  controlling  the  "stoim 
.  iicul  »t  mu"  and  its  ettects;  't  1  the  "posit  ive"  main  phase  s to nms  can  be  explained  m  terms  of 
'  in.po-.  it  mn  t  hinges  produced  by  the  storm  c  i  iculat  ion;  <£•  energy  input  -  probably  particle  precipitation 
~  ''U  T  ik*‘  plue  during  stores  'it  places  well  equal  m  ward  of  the  annual  oval,  and  cause  stm:m  effeits 

locillv;  1  h  •  th»*  possible  association  he  tween  F'J  layer  depletions  and  stable  n-d  arcs  needs  more  study; 

• ’.  •  i  h“  initial  "positive  phase"  may  he  due  to  equatorwatd  winds,  or  pet  haps  to  electric  fields  |3b-3H|, 

A  complete  physical  description  Ot  ionospheric  Storms  IS  still  remote,  even  ill  a  pmei, 

t  hen  i  ei  ic  i  ]  wav.  Iv  t  haps  the  ideal  in  aim  for  is  a  thenietic.il  ionospheric  well  calibrated  against 

teal  data,  with  appropriate  -odeflmg  of  ion»spbe» e/solar  wind  IMF  links;  and  coupled  with  IMF  and  solar 
wind  ronttniing.  and  solai  flaie  predictions.  Winnie.  th.it  is  i  ••  r  1  i  /ah  1  e  is  >  on  )••<.  t  u  i  a !  ,  but  much  can  be 
learned  ft  os  it  tempting  it. 

7.  OiNfU'SlON 

Several  quest  ions  remain,  one  rrmcvins  'he  prediction  of  .red j an  quiet-day  parameters  of  the 
ionosphere,  which  ate  useful  foi  long-iem.  planning  of  services.  Since  'Mist  quiet -day  lonosphetic 

phenomena  aie  quite  well  documented  (even  if  not  fully  explained)  such  pi  edict  tons  an?  laigelv  a  matter 
of  pie,j  iv  ting  solar  activity,  and  choosing  the  best  parameters  to  relate  sola*  .activity  to  mnosphet  u 
parameters  such  as  IF2  |39|.  A  mine  difficult  question  concerns  the  shot  t -term  prediction  or 
"foi  crust  mg"  of  deviations  from  mean  behaviour.  In  theory,  this  might  be  mmecessai  v  if  all 
cum!»uii  ical  mns  svsi.-i's  were  adaptive,  and  capable  of  responding  in  real  time  to  changing  c  until  t  ions  but 
•even  if  this  were  so '  there  would  still  be  value  m  foiecasting  the  likelihood  of  tonospheiic 
d  ist ui bauce .  which  again  requires  the  monitoring  of  solar  and  mt erpi meiarv  conditions.  There  might 
still  be  an  opr*  i  at  mini  need  foi  forecasting  the  ptogress  of  ionospheric  stoims,  once  they  have  started; 
a  eh a 1 1  eng i ng  pi ob 1 em . 

To  a  large  extent,  the  problem  lies  not  tu  the  ionosphere,  but  well  outside  it.  if  a  way  could  be 
found  to  link  ionospheric  model  parameters  «o  observable  solai  nr  interplanetary  quantities  (with  any 
necessarv  time  delavi,  this  might  form  t  he  basis  ot  a  forecasting  scheme  for  high  latitude  propagation 
i  ha  i  uc  lei  ist  its.  Of  interest  and  prictic.il  value  is  Hie  fact  that  some  effects  of  the  IMF  mi  the 
geomagnetic  field  can  be  monitored  by  ground-based  magnet omet ers  [the  Svalgaard-Mansnrov 
ef  fed  J  . 

Many  lines  of  study  suggest  themselves  foi  the  future.  Fur  the  present,  it.  is  vital  for  sol<\r-t  ei  rest  Mai 
;:>nni  toting  and  prediction  seivices  to  be  Rep!  m  being,  if  progress  hi  «uide  i  st  and  tug  the  ionospheie  and 
Its  van  ability  is  to  he  maintained. 

To  end  bv  -on./KiM/ ing  some  major  questions  foi  fmther  research: 

<l»  What  drive*  the  global  circulation  in  the  upper  atmosphere?  i.e.,  all  Hie  energy  sources  and  their 
relative  import  one  (Solai  F.l'V.  particles  and  torrents  f  l  om  the  magnet  os  phei  e  and  solai  wind;  energy 
propagated  from  below;  others? | 

Is  the  ionosphere  influenced  by  the  Earth's  features  (oceans,  mountains',  or  by  earthquakes, 
thunderstorms?  If  so,  how? 

'J'  Links  with  the  magnetosphere  and  the  solai  wind? 

' *  Meehan  isms  of  lonospheiic  storms? 

1  *>  1  Throughout  the  ionosphere,  there  is  jiregu«ar  structure,  on  scales  of  a  few  metres  to  100  km.  What 
cruses  it  all? 


(6)  Active  experiments:  the  ionosphere  as  a  physics/cheroisiry  lab? 

(7)  Is  the  ionosphere  predictable  on  time-scales  of  practical  interest? 
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Fig.  5.  As  Fig.  4.  for  June  solstice. 
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Fig.  b.  The  auroral  oval  arid  associated  phetiomcuu .  Vj*»w  of  the  north  polai  tegiun.  centred  «tu  t  he 
magnetic  pole,  in  a  non-rot  at  mg  frame  of  reference.  Magnetic  midnight  *uo  Ml.T »  is  it  the  button; 
magnetic  noon  (12  MLT)  at  the  top;  the  outer  boundary  is  at  SO  deg  magnetic  latitude;  magnetic  latitude*. 
SO.  70,  60  deg  are  marked  by  crosses.  The  o*  »r  ring  represents  the  p  1  asmasphe  i *■  <  mid- 1  at  it  ude 
ionospherp)  which  co-rotates  with  the  Earth,  he  -led  ring  represents  the  approximate  location  of  the 

hard  "drizzle"  precipitation.  The  inner  sha  .ng  is  the  auroral  oval,  showing  the  appj  oxur-at  e 

locations  of  the  "cusp"  in  the  noon  sector  and  the  Harang  discontinuity  <  HD 1  near  midnight.  The  fine 
lines  represent  typical  flow  lines  of  the  plasma  convection  pattern  (some  curves  are  left  incomplete  tu 
reduce  congestion);  note  the  stagnation  point  at  20  MLT.  The  diagram  corresponds  roughly  to  model  ate 
magnetic  activity  iK  =  3)  with  a  southward  6 z  component  of  the  interplanetary  magnetic  field. 

Copyright:  S.F.R.C.  Rutherford  Appleton  Laboratory,  U.K. 
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STORM  C  RCULAT'QN  \\  THE  T  H  E  B  M JS-v* E Z A 


'•  Nk*?  h  '.it  ?U«-  "«  hi-i  vo.-phv-l  %  i  i «.  t:l  •»»  i  "n"  i  u«*  . '  • 


DISCI  SSfON 


Oj'-tiiiirt’  i- !•  ? ); ms  t«*r  *  !•  »i i n.  time  i"  .«*{ v rtn# «*  «i^j n j£  «■!»>»•••.•  !  •  i , i : : i -i . .  •• «: .;i . .  ,i * = » :  \ «  ’ » 

v;tria*  t  <  >  m  .<•  a  r»«*  *ui  i . :  v  <i  v  pr»*di«  fi*»n.  J  In-  'inc>T!.mif>  is  ,,  \f};/  u,  ’./.  -.v  i  i «  -i:  j  •’ .  :-i«;  i  ; .  ? » •  i  -  •  • 

’••an  « IrtV.  •  lli.it  * >**  unproved  ,-u  i<.w  U*  !?-i<!#«-  *■;.  isit r . »« i •  hoi  s n*-  umii  #-t:*-*>;  :  Mil/  •'  =  :■< 

macnet  n-  >r  •.  .Nnw.  rim>i<i»‘ri*ie  .1  t  i. ascii  pn-.li«t  .#>11  '.*»*!.  u<  u,;iy  lomparr  ■.'>?!,  ■.*.  *j.tt  >  t,.»w  . ; ;  1 . 

■ ; i  toe  1  mm< #li»gv.  Mwc. .rn|oi!is» s  star*  wit  li  art  «'iupin<  ally  i»b? aim'd  hemisphere  w '.<!••  pat *«••.  ■ .  i!im  *  -Mug  act  u.d  ^  ,»o 
I  ||C|,  •  il*  *>  "sc  t  il«n.(  I  aliiliatc  t  i;c  ‘lit;, [I-  « i«  -  \  » -f.  ,|  .!!>«'  r  it  of  !'|C  -Vsti-tn.  I  I, is  MU'"  hmi  h.l'  J’Ai.  ,f  ’  ■  ..Minis’- 

ii  somctuacs  tt-.c  decisive  ,vll  is  m.t  «\>v#-r»'d  l»y  tie-  mpm  data:  «fij it**  -mall  I'g;..’!-  rmgD  •>.•.. >■ :  1.-  . i r | \ ■  f, ... 
Iii’iir#-  #!.  \#>ioj»Mi.'ni,  1 1 1: f. ••  1 1* ria: . 

1  _' >  \\  hat  otic  miLiit  call  “i.oi'c'  is  riot  only  { *1 « ■>« -n t  in  tin-  input  «iat«i.  but  mviirs  abn dunne  1  in*  'Scn-i»,juncn!  of  im- 
'  .  ••in.  Noise  #  an  In*  any  *’lfcct  which.  although  of  ph\-i<al  origin.  cannot  tic  in'  n»dw •••!  into  : in-  s,  h* ■« I s  1  !v.  I  his  !;.t- 
for  effect  »luti  stu  b  »iei«*oroU »gical  predi»  t  ions  •  an  least  at  piesent  only  he  extended  «.'•'#■  a  period  of  about 
u»-ek  it  f  Ii*-*  maximum.  Similar  ionospheric  predation  efforts  may  encounter  comparable  problem-*. 

Author's  Reply 

* ’legardiug  - 1  I  here  is  of  course  a  great  ileal  of  "noise’'  in  ionospheric  •Measurements,  as  in  all  other  brandies  of 
» ■'  ophv sje  .  Ionospheric  physicist-*  have  to  use  their  skill  ami  intuition  to  extract  “physics"  from  the  “noise”. 

I  his  lea'ls  o  the  question  of  nuimtaimng  an  adequate  network  of  ionosondes  to  monitor  the  ionosphere.  A  recent 
rap  shows  about  I  till  active  sounders,  but  the  number  is  decreasing:  the  geophysically  important  station  in  New 
Zealand  has  just  close#!.  Not  every  existing  station  will  be  needed  forever,  but  there  should  la*  a  way  of  determining 
what  network  is  really  needed,  and  finding  a  way  of  supporting  it.  The  KIM*  should  lonsider  this  (jiiestioti. 


I*.  Vila 

1 1  1  I  he  low-latitude  “picture”  of  storm  etfects  on  f„F>  needs  separating  <b/<  Fijiirttor  <  hanges.  giving  storm  itu  r»ia>e. 
from  tropical  latitude  ones  where  most  storm  conditions  are  a  large  decrease.  ( I" n less  dip  equator  converges). 

‘ 2)  About  the  ()/N  >  “non-change”  suggested  following  auroral  disturbances,  it  seems  from  suggests!  St.-Santm  re- u Its 
that  the  I’rnlss  model  is  partially  correct,  to  give  a  change  in  ()/.N_>  at  the  /„/•'_•  level. 

Author's  Reply 

No  comment  on  ( 1 1. 

rj)  I  agree  that  the  ()/'.N\  ratio  does  seem  to  decrease  at  the  midlatitude  F'2  peak  during  storms;  that  is  quite  well 
documented.  The  I  Gl.  model  does  not  give  this  decrease.  A  possible  explanation  is  an  input  of  energy  from  the  ring 
«  urrent . 


R.Showen 

Prof.  Kish  belli.  you  wrote  a  paper  a  few  years  ago  w  ith  Ganguli  and  Walker,  modeling  h m  F>  and  .\m  F?  variations 
an*!  comparing  them  with  Arecibo  and  St.  Santin  data.  Is  your  model  still  a  good  one,  and  has  more  recent  work  been 
done  with  it? 

Author’s  Reply 

The  model,  although  quite  simple,  is  still  valid.  It  used  the  reduced  height  method,  although  that  is  not  implicitly 
stated  in  the  paper. 
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variations  as  well 
plasma  density  can 


as  the  solar 
be  expressed 


cycle  variations.  The  model  assumes  that 
by  a  modified  Chapman  express  in n  given  by 


N^(H)  =  nmF2exp[  1 -7-cxp( -7)  ] 


where  nmF2  is  the  peak  electron  dens  it 
the  F2  layer  where  Ne  -  nmFJ  and  M  is 
the  Chiu  formulation,  two  expressions 
the  F  layer  and  one  for  the  topside  gi 
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alt  i  t  tide  o  i 
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tons  Me  .if 


"1.0 

h  -  h  m  F  2 


H'F  ~  H  . 


In  all,  four  coefficients  are  needed  to  completely  specify  the  F2-lavor  m  the  t'htu 
model,  nmPi ,  hnF2,  H^-p  and  11^),  Similar  formulations  are  utilized  for  the  FI-  and 
F- layers*  and  the  total  plasma  density  as  a  function  of  altitude  is  obtained  bv  summing 
these  three  contributions.  Analytic  functions  are  used  throughout  to  express  the 
coefficients  as  a  function  of  geographic  and  geomagnetic  njnril  i  nat  os ,  sunspot  number, 
local  time,  and  d  a  v  o f  year. 

The  Chiu  model  is  widely  known  to  be  defir  lent  in  its  specif  i  at  ion  of  hn!  2  • 

middle  and  low  latitude:;,  and  its  representation  of  the  equatorial  anomaly.  ]  :*  our 
approach  we  have  first  applied  a  correction  to  the  Chiu  hnF2  values  at  middle  latitudes 
based  on  ionosonde  data.  Then,  we  have  added  analytic  .orrect  ions  f  -r  f->F2  and  limrJ 
and  modified  Hyp  and  ll^o  in  the  Chiu  model  between  t24°  dip  latitude  su<  h  that  the 
ionization  profiles  host  fit  those  of  the  Sd.IM  model.  I  his  piocedure  and  t.  r>  *•  **quni  :>:is 
involved  are  detailed  below. 


ANAl.VriC  FORMFI.AT  ION 


The  middle  latitude  correction  to  t  h 
based  on  examination  of  equinox  ionosonde 
f Forbes  er  al.,  1^88)  which  can  be  pro v id. 
expression  for  h m F 2  in  Chiu  (1078)  is  as 


hmF2  specif i c a t  ion 
a  t  h  ,  is  detailed  in 
l  r>  t  he  r ea -I e r  upon 
1  lows: 


of  the  c.h  i  u  node  ! 
an  AFC!,  report 
r e<] ue s t  .  The  or  i 


i  n  a  l 


hmF2  =  240  +  75c.  +  83.  '<os\  +  30<  osf  d-  -  4.5] a|  -  ■• )  *-  I'Vos*  cos-(!-4.5) 

•  '  m  *  m  3 


whore  c  =  R/|f>0  where  R  is  the  monthly  smooth  Zurich  sunspot  number, 

* m  =  geomagnetic  latitude  (rad), 
i  =  sin  ‘  sin  A m  w  lie  re  A  =  solar  angle  (rad), 

S  =  local,  time  angle  (rad)  measured  from  local  midnight. 

Note  that  the  local  time  variation  consists  only  of  a  diurnal  (24-hour 
is  independent,  of  season  and  solar  cycle.  Our  correct  ion  concerns  the 
cycle)  and  fourth  (local  time)  terms  in  the  above  equation.  The  forme 


harmonic)  which 
second  (solar 
r  is  replaced  b v 


1 00/~n  -  10 


The  local  time  term  is  replaced  bv 

(  56-  l  2 »  P)n>s(  $  +•  a  t)  +  (0  +  12*"o)cos(2{>  -  +  1  2c  o  s  (  3  t>  -  ^  ) 

_  (  \m ^  ^ 

where  A  =  -2-;  +  ■'--e  2  0 

In  developing  the  I ow- l a  t  i t  ude  portion  of  FA  I M ,  we  derive  new  analytic 
formulations  for  the  parameters  f«>F2,  htnF2,  Hpp,  and  Hpo  in  the  Chiu  model  based  on 
1  east -squares  fits  to  the  SI. fM  profiles.  The  local  time  variation  at  a  given  dip 
latitude  (  A  m )  is  expressed  as  a  series  of  sines  and  cosines  with  amplitudes  a n  and  bn 
with  the  series  going  from  n  =  0  if)  n  =  f>: 

f(A  ,$>)  =  n(a  (A  )sin(n4>)  +  b  (  A  )  c  os  (  n  (Ji )  )  (3) 

m  n  =  0  n  m  n  m 


where  is  the  local  time  from  midnight  in  radians 


In  reality,  for  foF2  and  hmF2  values,  we  used  the  expression  above  to  fit  the 
difference  between  the  Chiu  and  SLIM  values  so  that  in  the  new  analytic  model,  we 
simply  calculate  Chiu  values  and  then  add  to  i_hese  the  analytically-formulated 
difference  values  to  provide  the  final  f o F 2  and  hmF2  quantities  specified  by  FAIM. 

The  procedure  for  obtaining  the  topside  and  bottomside  F-region  scale  heights.  Hyp 
and  Hiq,  is  handled  somewhat  differently.  Here,  a  separate  topside  and  bottomside 
scale  height  was  found  which  would  rt’pt  oduce  each  SLIM  density  profile  to  within 
Q.'S  MHz  in  plasma  frequency  assuming  the  expression  for  Ne(h)  given  by  Eq .  (2).  These 
scale  heights  are  different  from  those  specified  in  thp  paper  by  Anderson  et  al. 

(1987a)  because  the  values  for  Cyp  and  Clq  are  now  assumed  to  be  unity.  Once  values  of 
Hyp  and  H  yo  were  obtained  by  this  method,  the  analytic  function  given  bv  F.q .  (1)  was 
used  to  derive  » n  and  bn  values. 

The  next  task  was  to  find  appropriate  functions  and  coefficients  which  would 
reproduce  the  separate  sets  of  an*s  and  bn*s  as  a  function  of  dip  latitude  (im).  The 
modified  harmonic,  oscillator  function  (  V-  )e  “  -  where  Mfc  is  the  Hermit  e  Polynomial  of 
order  k  and  r  =  L  was  found  to  be  ideally  suited  for  this  purpose: 


),!>,(>•  ) 


The  Forbes  et  al.  (1988)  report  contains  a  tabulation  of  t  Sic  ('«t,s  as  well  as  the 
FORTRAN  code  for  FATM.  The  code  can  also  he  supplied  to  requestors  over  SPAN,  BITNET, 
or  on  floppy  disk. 


WESP1.T- 

As  outline!  in  the  paper  bv  Anderson  •'  t  a  1  .  (1987a)  nine  separate  M.IM  cases  were 
generated  which  covered  three  levels  of  solar  activity,  low,  moderate,  and  high  for 
each  of  three  seasons,  equinox,  June  s.*  1st  ice,  and  December  solstice.  For  these  n  i  nt* 
cases,  sets  of  coefficients  to  *  he  analvt  ic  fnnet  inns  described  above  were  determined 
which,  would  reproduce  the  local  i  i  me*  and  latitude  variat  i<>n<  in  t  ho  four  par.ii’n*!  <jrs 
foKJ,  hmF2,  Hyp,  and  H  yyo 

in  demonstrate  how  well  FA!M  reproduces  the  SLIM  va’uos,  we  have  plotted  in 
Figure'  1  the  latitude  variation  in  hmK2  and  foF2  at  l  -i »'  i  • »  I.  T  for  the  solar  cycle 
maximum,  equinox  rase.  In  this  figure,  we  also  compare  these  models  with  the  empit:«  al 
thiu  'alues  for  hmF2  and  foF'J .  looking  first  at  the  h  m  F  2  comparisons,  FAIM  smooths  on* 
the  ’  IM  values  between  12°N  at.d  1  2  '  S  dip  latitude  and  gives  excellent  agreement 
no  l  e  ward  of  it-’".  Actually,  the  large  variation  in  SLIM  nm  F2  between  14°  and  *■  I  ( *  °  dip 
latitude  is  somewhat  an  artifact.  n»  the  SLIM  least-squares  approach  and  does  not. 
represent  realitv  so  that,  the  smoother  variat  ion  in  FAIM  hirF2  values  is  more  r  *a!ist  ir  , 
I' ho  comparison  of  both  SLIM  and  FAIM  with  the  Chiu  model  illustrates  the  magnitmle  of 
the  improvement  at  low  latitudes.  As  reported  by  Raja  ram  and  Raslogi  (1977)  davtime 
hmFJ  values  near  the  magnetic  equa'or  at  K  od  a  i  k  a  n.a !  ,  India  lie  in  the  range  V’fi  to 
■>0m  km,  about  100  km  greater  than  t  if  V>M  km  specified  in  t  (ir  Chiu  model. 

The  comparison  in  fol'2  between  FAIM  and  SLIM  is  excellent.  The  analvt  i<  model 
slight  iv  •verestimat.es  SLIM  values  near  the  (rests  of  the  equatorial  anomaly  at  *  It’"  i  <.* 
*29°  lip  latitude  i  n  d  underestimates  slightly  near  the  magnet  i<  equator,  hut  these 
d  i  f  t  e  r  en  i  f*  s  are  well  within  tin*  day-to-day  f  1  net  Mat  if*ns  in  equatorial  foFl!  values,  A 
;  om  ;»a  t  i  son  w  i  t  h  t  lie  t'hiu  model  shows  the  <  rest  ■  t  n-t  rough  densilv  ratio  is  greater  for 
the  analvt  it  model  which  is  in  good  agreement  with  observed  values  in  the  Indian  seit>r 
.daring  March  19V),  a  solar  rye  It*  maximum  equinoctial  peri»)d  (Rastngi,  19M»). 

At  .t.'OO  f.T ,  the  (omparisons  between  SLIM,  FAIM,  and  t’hiu  are  even  stole  impress  ve 
as  shown  in  figure  2.  The  post -sunset  enhancement,  in  upward  FxB  drift  is  a 
'  liata<  t eristic  feature  during  equinox,  solar  maximum  years  (Woodman,  1970)  and  is 
responsible  for  the  very  high  hml’2  values  near  the  magnet  i<  equator  (Anderson,  1°71) 
and  is  reproduced  in  both  SLIM  and  FAIM.  '-i u r  1 1  high  hmF2  values  are  also  in  agreement 
with  measured  values  at  Kodaikanal  (Rnjnrnm  and  Rastogi,  1977)  and  at  Jicanarca 
(Arnlerson  el  al.,  1987b),  The  analytic  model  reproduces  the  Int  it  tide  variation  in  SLIM 
valuer  verv  well  and  hath  these  models  give  substantially  greater  hmF2  values  than  t  fit* 

The  enhancement  in  the  upward  KxB  drift  velocity  at  the  equator  mentioned  above  is 
als(>  responsible  for  maintaining  the  crests  of  the  anomaly  out  to  *18°  dip  latitude  and 
in.  re.ising  the  peak-t  o- 1  rough  ratio  after  sunset.  This  latitude?  variation  in  fo  F2  at 
2 1  iiu)  !  1  is  completely  absent  in  t  lie  thin  model  which  essentially  displays  a  constant 
density  value  with  latitude.  The  more  realistic  FAIM  and  SLIM  models  with  peak 
'if  ns  i  i  i  ..  s  of  ">  x  1<I<>  M/rml  (  f..F2  -  18  Mllx)  at  the  crests  of  the  anomaly,  provide  muon 

greater  ion  drag  forces  at  these  latitudes  which  translates  to  a  greater  latiude 
variation  in  the  zonal  neutral  wind  velocities.  In  addition,  this  latitude  structure 
in  peak  densities  significantly  affects  flux-tube- integrated  Pedersen  conductivities 
after  sun  set  ,  wh  i  <:  h  p 1  a  v  an  important  role  in  the  electric  coupling  between  the  low 
latitude  ionosphere  and  neutral  atmosphere  (Anderson  et  al.,  1987b). 


The  unrealistically  low  F  layer  height  provided  by  the  Chiu  model  has  significant 
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consequences  if  the  ionospheric  model  is  incorporated  into  a  dynamic  neutral 
atmospheric  model.  After  sunset,  near  the  equator,  the  two  main  horizontal  forces  on 
the  neutrals  are  the  pressure  gradient  and  ion  drag  forces,  and  if  the  ionospheric 
densities  are  unrealistically  large  near  250  km  (as  they  would  bo  if  h m F 2  is 
underestimated),  then  calculated  zonal  wind  speeds  will  be  significantly  underestimated 
(Anderson  and  Roble,  1974). 

Comparisons  of  profile  shapes  at  the  magnetic  equator  and  at  1*>°S  dip  latitude  are 
illustrated  in  Figures  3  and  4  for  the  2000  l.T  period.  At.  the  magnetic  equator, 
reasonable  agreement  between  FAIM  and  SLIM  is  achieved  with  the  topside  portion  being 
in  better  agreement  than  the  bottomside  region.  Actually,  this  represents  one  of  the 
poorest  fits  of  all  the  comparisons.  The  degree  to  which  both  FAIN  and  SLIM  profiles 
differ  from  the  Chiu  model  is  graphically  illustrated  and  displays  the  unrealistically 
large  electron  density  values  in  the  350  km  region  prov  ded  in  the  Chiu  model.  At  16’’S 
dip  latitude,  the  comparison  between  FAIM  and  SLIM  is  excellent  and  is  more  indicative 
of  the  general  agreement  which  can  be  achieved  when  analytic  functions  for  Hrp  and  H.() 
are  used  to  calculate  profile  shapes. 
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FIGURE  3.  Comparison  between 
SUM,  CHIU  and  FAIM  electron 
density  profiles  at  the 
magnetic  equator  at  2000  l.T 
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DISCUSSION 


K. Rawer 

The  shortcoming  of  IRI  with  respect  to  layer  thickness  in  certain  geographical  regions  is  due  to  the  lack  of  input  data 
at  the  time  when  the  model  was  built.  We  had  only  two  low-latitude  stations;  only  the  northern  middle- latitude  region 
was  well  covered  (Germany).  Following  a  proposal  by  Madam  Gulyaeva,  we  do  now  try  to  get  more  data  from  true 
height  analysis.  The  parameter  proposed  is  the  height  where  half  the  peak  density  is  found.  We  hope  to  be  able 
to  convince  a  few  station  networks  to  go  ahead  in  determining  this  new  parameter.  We  need  that  because  empirical 
models  should  be  built  upon  measured  data. 

Author’s  Reply 

I  would  note  that  often  in  the  ocean  and  high- latitude  regions  you  cannot  even  get  empirical  ground- based  data,  and 
therefore,  maybe  you  need  to  resort  to  theoretical  models  to  get  the  realism  you  need. 

P.Vila 

On  the  latitude  profiles  from  the  SLIM  model,  there  are  two  small  troughs  on  either  side  of  the  dip  equator.  Are  these 
real  or  are  they  numerical  errors? 

Author’s  Reply 

They  are  numerical  errors. 
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ABSTRACT 

The  electron  density  and  electron  temperature  structure  in  and  around  plasma  bubbles  in  the  low  latitude  ionosphere 
has  been  studied  with  instruments  on  the  Japanese  satellite  HINOTORI.  Histograms  are  presented  about  the  number 
of  occurrence  of  certain  types  of  bubbles  in  a  latitude  range  of  ±30°  around  the  equator.  Particularly  the  temperature 
within  the  plasma  bubbles  which  can  be  higher  or  lower  than  the  temperature  of  the  ambient  plasma  will  be  discussed  and 
explanations  will  be  proposed.  A  particular  class  of  bubbles  seem  to  occur  over  the  South  Atlantic  magnetic  anomaly  and 
over  the  Hawaian  anomaly. 

1.  ITRODUCTION 

The  term  “plasma  bubble'*  was  coined  by  Woodman  and  LaHoz  (1976).  They  explained  large  plumes  raising  in  the 
night  time  equatorial  ionosphere,  which  they  ^served  with  the  Jicamarca  radar  facility,  as  an  amdogon  of  lighter  fluid 
bubbles  raising  in  a  heavier  fluid.  Hanson  and  Sanatani  (1973)  who  observed  the  same  phenomenon  earlier  with  a  space- 
borne  retarding  potential  analyzer,  called  them  “biteouts”,  since  they  found  the  ion  density  reduced  by  up  to  three  orders 
of  magnitude  inside  these  plasma  voids.  According  to  McClure  et  al.  (1977)  the  main  features  of  these  bubbles  can  be 
summarized  as  follows:  They  are  probably  cylindrical  in  shape  with  the  cylinder  axis  aligned  with  the  magnetic  field.  Their 
scale  size  is  of  the  order  of  several  tens  to  a  few  hundred  km.  and  they  generally  move  upward  with  a  velocity  of  a  few  100 
m/s.  Often  a  slower  (<  100  xn/s)  westward  motion  with  respect  to  the  ambient  plasma  is  observed.  Ion  density  reductions 
of  a  factor  of  1000  as  quoted  above  seem  to  be  extreme  cases,  mostly  the  reduction  is  of  the  order  of  !(■  100. 

Plasma  bubbles  should  be  clearly  distinguish-  cl  from  plasma  blobs,  which  are  localized  density  enhancements  ( Watan- 
abo  and  Oya  1980;. 

2.  SATELLITE  INSTRUMENTATION 

llie  /fh  scientific  Japanese  satellite  •  Hinotori  ‘  was  launched  t*u  the  2D;  of  February  1981  to  oh-ej  ve  Hie  *oiar  surface 
•  ...ring  high  <olar  activity.  Hinotori  was  a  spinning  satellite  which  was  controlled  m  a  way  that  tin*  spin  axis  a! way-,  point  -i 
towards  the  sun.  Two  plasma  probes  were  installed  on  the  satellite,  in  order  :<•  monitor  the  ionosphere  in  addition  to  the 
solar  observations.  One  was  an  election  temperature  probe  (Oyama  «md  Hirao.  1982;  and  the  «»fb«T  a  swept  frvqwncy 
impedance  probe  for  electron  density  measurements  »()ya  and  Monoka.  1070 j.  L  h<  a  usor  electrodes  of  these  two  **xperi- 

men* . -re  symmetrically  mounted  at  the  edge  of  2  of  the  4  solar  cell  paddles  of  the  satellite.  The  sen.-or  of  tie-  eberron 

temperature  probe  was  a  circular  disk  of  120  nun  diameter  and  1.6  rum  thick,  while  the  sensor  of  the  electron  density 
probe  was  cylindrical  in  shape  with  a  dbuneter  and  length  of  It)  mm  and  400  nun.  respectively.  Signals  from  both  these 
two  plasma  probes  were  more  or  less  modulated  by  the  satellite  spin.  The  degree  of  the  data  modulation  depended  on  the 
location  of  the  satellite.  The  strongest  signal  modulation  occurred  around  midnight  and  noon  where  the  spin  axis  of  the 
satellite  was  perpendicular  to  the  direction  of  the  satellite  motion.  Data  are  gathered  when  the  sensor  plane  of  the  electron 
temperature  probe  was  in  the  rain  direction  with  respect  to  the  satellite  motion  using  the  fact  that  when  the  electron  density 
sensor  whs  in  the  satellite  wake,  the  electron  temperature  probe  was  out  of  the  wake.  The  sensor  impedance  of  the  electron 
density  probe  showed  a  clear  minimum  when  the  probe  w.as  in  the  wake  of  the  satellite.  Therefore  the  flat  a  resolution 
was  determined  by  the  satellite  spin  rate,  and  the  horizontal  scale  resolution  along  the  satellite  pass  was  approximately 
128  km.  The  electron  density  probe  and  the  temperature  probe  detected  724  plasma  bubbles  from  4000  orbits  during  flu' 
period  from  June  1981  to  February  1982.  The  observations  were  limited  to  geographic  latitudes  of  ±  30  degrees  The 
data  obtained  during  one  satellite  pass  around  the  earth  were  stored  in  an  onboard  data  recorder  and  recovered  when  the 
satellite  was  overhead  Kagoshima  Space  Center. 

3.  GENERAL  BEHAVIOR  OF  PLASMA  BUBBLES 

Figure  1  shows  a  typical  example  of  two  plasma  bubbles  separated  by  about  250  km.  The  density  depletion  is  of  the 
order  of  100  in  both  cases.  These  bubbles  are  very  typical  for  the  evening  topside  ionosphere.  The  bubbles  can  have  internal 
structure  like  the  two  shown  in  the  figure,  also  several  bubbles  can  appear  in  a  series. 

The  latitudinal  distribution  of  bubbles  is  shown  in  figure  2.  It  is  obvious  that  they  are  symmetrically  distributed 
around  the  magnetic  dip  equator,  and  that  their  occurence  probability  maximizes  around  equinox.  It  should  be  noted  that 
the  occurrence  probability  is  the  ratio  of  observed  bubbles  in  a  certain  time  interval  to  the  actual  available  observation 
interval. 


Figure  3  shows  the  occurrence  probability  versus  local  time  indicating  that  the  bubbles  are  mainly  a  night- time 
phenomenon.  The  structure  of  these  distributions  is  statistically  significant,  at  least  for  the  equinox  periods.  The  two 
peaks  in  this  distribution,  one  around  22  LT,  the  other  around  2  LT  probably  correspond  to  different  types  of  bubbles.  Oya 
et  al.  ( 1936}  distinguish  between  the  so  called  "multiple  plasma  bubbles"  (MPB)  and  the  "quasi  periodic  plasma  bubbles' 
(QPB).  The  MPB,  a  series  of  bubbles  observed  along  the  satellite  trajectory  occur  predominantly  in  the  pre  midnight 
period.  They  are  most  likely  associated  with  a  Rayleigh- Taylor  type  instability  mechanism  ( Haercndel  1974).  Figure  3 
shows  a  sharp  increase  of  the  bubble  occurrence  probability  immediately  after  18  LT.  This  time  corresponds  at  equinox  to 
a  solar  zenith  .'ingle  of  105°  which  means  ‘•unset  at  about  300  km  altitude.  The  steepening  of  the  electron  density  profile 
at  the  bottom  of  the  F-region  after  this  time  can  be  the  cause  for  the  above  mentioned  instability.  The  lifetime  of  the 
bubbles,  slowly  drifting  up  wan  Is.  can  be  several  horns. 


Figure  2.  Ocrurn-nrc  probability  of  .•quaiuriai  Figure  3.  Siuiu-  «w  figure  2  but  as  a  function  «f  i««-al 

plasma  bubbles  as  a  function  of  magnetic  dip  latitude  tune, 

for  three  different  seasons. 

A  different  production  process  is  assumed  for  the  QPB  which  oceui  mainly  after  midnight.  Their  name  steins  from 
the  fact  that  these  bubbles  are  associated  with  wavelike  structures  in  the  background  electron  density.  They  can  often  be 
traced  over  several  satellite  trajectories.  Probably  they  arc  created  in  responcc  to  dynamical  disturbances  of  the  background 
ionosphere.  These  perturbations  can  either  be  gravity  waves  or  magnetic  disturbances.  The  fact  that  a  correlation  between 
the  geomagnetic  activity  and  the  occurence  of  QPB  was  found  (Wataiiabe  and  Oya  i98G)  supports  this  interpretation. 
With  increasing  Kp  the  occurrence  of  QPBs  increases  in  the  morning  hours. 

It  should  he  noted  that  these  two  types  of  bubbles  are  apparently  related  to  two  types  of  equatorial  spread  F  described 
earlier  by  Rottger  (1975).  The  so  called  ‘‘early  spread  F”  corresponds  to  MPB.  the  “late  spread  Fv  to  QPB. 

The  seasonal  variation  of  the  occurrence  probability  is  still  not  fully  understood.  It  probably  reflects  the  seasonal 
variation  of  the  control  parameter  of  the  corresponding  plasma  instabilities.  Substorms  (Takahashi  et  al.  1987).  the  global 
wind  distribution  (Chiu  and  Strauss  1979)  and  more  localized  weather  phenomena  may  also  effect  the  appearance  of  hub¬ 
bies.  It  is  interesting  to  note  that  during  northern  summer  and  around  equinox  the  hubbies  appeal-  mainly  above  Africa, 
while  durmg  the  northern  winter  the  maximum  of  occurrence  is  located  over  South  America  (Watanabe  and  Oya  1986). 
This  suggests  a  relation  to  thunderstorm  activity  (Rottger  1977).  A  further  discussion  of  the  seasonal  variation  is  beyond 
t  tic*  "scope  of  t  his  pap<  r 

4.  ELECTRON  TEMPERATURE  STRUCTURE  OF  THE  BUBBLES 

The  electron  temperature  inside  the  bubbles  is  difficult  to  measure.  Since  the  electron  density  can  change  by  more  than 
two  orders  of  magnitude  wjthin  a  few  seconds  when  a  bubble  is  traversed,  the  dc  amplifiers  have  to  step  through  several 
gain  levels  which  requires  a  fast  switching  and  a  high  data  rate.  Therefore  electron  temperature  results  in  and  around 
bubbles  were  scarce  before  the  Hinotori  measurements  (see  Ovaina  et  al.  1988  for  references*. 


10 


'1TrrTT^l  "  !  1  '  1 1  1  II  u’  I'  1  r,T 


i  i  i  ■  i  >  i  i  i  i  i  i.  i  i  i  i  r 

2  CTTp  '  i  1  1  I  '  '  l  11  I  I  1  H 


rTTTT| 


"A  /‘nnt^ 


Luda 


lLm  I  l  :  1  1  1  1  1  I  1  I  )  H 

5:16 


Q  l-l 


5 :  l  u  5:14  516  s:lfi  23:51 

23:1  3  0:  22  0.52  1:23  19:38  2-» :  21 

2  70.9  287.1  294.ii  301.2  296.7  J08 .  • 

-12.9  -213  -24-1  -265  -311  -31 


Figure  4.  Three  different-  types  of  electron  temperature  behaviour  (lower  panels)  in  and 
around  pia-sma  bubles  (upper  panel):  The  temperature  inside  is  lower  (left),  equal  (middle), 
and  higher  then  outside  (right).  The  density  fluctuations  seen  in  the  upper  left  panel  is  due 
to  the  satellite  wake  effect. 


T’hr»-»  different  type.*-  of  election  temperature  behaviour  were  found  in  the  data,  they  are  displayed  m  figure  •}.  The  left 
a  e;<>.«-  nh'  :»•  r.he  bubble  .''  inner  temperature  (denoted  by  T,*  in  the  following  ,  j.-  smaller  tjuui  the  outside 
teitipesatu:'  •  T. ,  b  In  »|t*-  middle  panels  both  teinpei.  litres  are  equal,  and  in  the  right  hand  pa  neb  L,  .  -  T. ,  Before  giving 
,r:i!vi’.'  ••vpianatjo:is  f.  *h»>e  time  eases.  r  temperature  diffc  rot  ice  A  T  —  T.,  -  TKi  should  he  examined  if:  more  detail 
Figure  •*)  sh'.vvs  the  l<*e;ti  tin iv  dependence  of  this  temperature  difference.  It  is  obvious  : liiit  i:i  most  ot  the  eases  t;,< 
inner  temperature  of  the  bubbles  is  smaller  than  the  temperature  outside.  A  fair  number  of  hubbies,  however,  exist  wpere 
tbi  inner  temperature  run  be  substantially  higher  than  the  outside  temperature,  mostly  in  the  morning  hours  but  aume 
ore ui  also  in  the  evening  Around  0300  LI  .  however,  the  inner  and  the  outer  temperature  ar<-  almost  equal. 


Figure  5.  AT  -  (inner  temperature  outer  temperature) 
versus  local  time.  The  letters  indicate  the  longitude  range 
in  which  the  hubbies  were  observed. 


A  probable  explanation  of  the  high  positive  AT  values  in  the  morning  is  photoelectron  heating.  It.  can  be  shown  that  in 
almost  aii  these  cases  the  bubbles  are  still  in  the  dark  pan  of  the  ionosphere,  while  the  height  region  above  is  already  sunlit 
Thus  phoioelectrons  are  produced  above  the  bubbles,  spiraling  down  the  magnetic  field  line  and  enter  the  bubbles.  Due  to 
the  conservation  of  energy  these  phoioelectrons  heat  the  density  depleted  hubbies  stronger  than  the  ambient  electron  gas 
In  add;- e-n  to  the  nhoioeirctrori*  produced  in  the  hemisphere,  pho»oeiec*roii"  from  conjugate  points  may  play  a  role 

■Ahm  t : !■  ■  oppovi:-'  heriuisphero  is  earlier  sunlit  than  »i.n  observation  region 

A  different  explanation  exist  foi  the  about  20  case*  with  significant  positive  A  f  between  20  and  about  2  LT.  A  lose 
exauiitiatioii  show*-  that  these  bubbles  ate  mainiy  concentrated  above  two  geographical  regions.  In  Figure  0  the  location 
of  these  bubbles  is  plotted  in  a  world  map.  wiinr  only  bubbles  with  AT  _•  50  h  (50  K  being  roughly  the  -nervy  of  fhe 
mere-moments :  are  taken  into  accuunt.  Tin*  majority  of  points  lay  in  two  well  known  magnetic  anomaly  regions,  the  South 
Atlantic  Anomaly  and  the  Hawaian  Anomaly  Due  to  the  special  geometry  <>f  the  magnetic  field  lines,  energetic  electrons 
from  the  magnetosphere  can  precipitate  in  these  regions  (e  g.  Voss  and  Smith  1980.  \arga  et-  al.  1985).  and  may  heal  up 
flie  thermal  electron  gas  inside  thr  bubbles.  It  should  he  noted  that  anomalously  high  electron  temperatures  have  been 
observed  in  these  regions  also  in  the  absence  of  bubbles,  probably  caused  by  the  same  mechanism  (Oyama  and  Schlegel 
19S4.I. 


Figure  6.  Location  of  plasma  bubbles  with 
AT  >  50  K  occurring  m  the  pre- midnight 
period.  1  he  radius  of  the  circle  indicate 
lb**  magnitude  of  AT.  A  dashed  line  show> 
the  magnetic  equator 


It  can  be  shown  by  comparing  the  diffusion  time  perpendicular  to  the  magnetic  Held  lines  and  Hie  raj>e  time  of  the 
hubbies  that  thermal  electrons  from  outside  are  not  able  to  enter  the  bubble  during  its  path  upwards  into  :h<  'opv.de 
ionosphere  (Oyaina  ct  al.  1988).  Therefore  a  heating  of  the  bubble  can  only  be  caused  by  particles  moving  along  ? :.*• 
geomagnetic  field  lines.  This  is  the  ras»-  for  the  two  categories  discussed  above.  m  <»m-  ■  ph« •uw-lect run*,  m  *in-  o?L*-; 

energy  elect  rtms. 

The  fact  that  the  majority  of  hubbies  observed  after  s::i!.ct  i ;«r < >:ii s<  1  21  LI  :t.  tiguj-e  *  •  •xi.mr.  a  A 7  ;•  • 

explain.  At  these  times  tin' electron  teinpeiatur*  profiie  loiiosphr:*-  :  fill  ha«  a  i*  »p»-  1  :  jbnjes  j  r.  .  . 

at  altitudes  below’  GUO  km  should  haw  lower  temper  ;tt  u:sid»-  wh*-i.  ti.«  \  iinaih  :>  a>:.  mb  ■;  :•  !..••.■<  : 

in  the  night  the  electron  temperature  becomes  mo:-  and  n.  i:.  •  <  :i-t;u.t  w;*h  he:*r!.»  -mb  T.  -L*  ,'.d  nppv-.v:.  1. 
agreement  with  the  results  shown  in  figure  5 

CONCLUSION 

While  there  are  still  several  open  questions  in  the  production  mechanism  ami  the  s»-a-»i mal 
at.  low  latitudes  their  thermal  behaviour  is  relatively  well  understood.  1:  should  hua'.L. 
of  bubbles  in  the  night  time  low  latitude  ionosphere  imposes  some  implication.,  on  tie  u>,«- 
a  radio  wave  transmission  medium.  Three  different  phenomena  haw  le  e:;  observed,  win.  i. 
the  radio  propagation  language  railed  "equatorial  sj-r*  a«i  F"  . 

i.  A  deviation  from  the  usual  transequatorial  great  •  :r.-ie  propagation  of  HF  signal-  b  :*  •.cafiTti.g  •  !»• ■  w.v.<  -  :  \ 
the  density  structures  of  the  bubbles.  Azimuth  deviations  of  more  than  nave  be.-:.  tran.-a.: 

path  between  stations  ht  Germany  /Lindau  •  and  South  Africa  'Tsumeln  <  Fi»”»t  rg.>-  * 

ii.  Strong  fading  of  the  reee»iv«d  amplitudes  with  a  broad  spectral  distribution,  so  •  ailed  t: ; T * «  r  fading  Rdtigo: 

It  is  similarly  caused  by  the  varying  density  and  the  motion  of  th«»  bubbles. 

iii.  Occasionally  transequatorial  propagation  of  VHF  waves  u*n  i AO  MHz  •  over  more  than  GtWll'  km  This  .*•  caused.  by 
forward  scattering  of  the  waves  or  more  accurately  Ly  ducting  in  the  field  aligned  den. -lit  depletion-.  .  .died  bub-:  it- 
i  Rdttger  1979). 

One  can  therefore  state  that  the  in  situ  investigations  «.f  tiiese  pliLsma  bubbles  by  satellite  techniques  cnmpieiiiMit 
earli**r  results  obtained  by  radio  propagation  and  srintmaiiou  i  Basil  and  Basil  19>1  '  ‘‘Xperunents. 
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DISCUSSION 


R.F. Denson 

When  using  satellite  observations  to  investigate  plasma  bubbles  one  must  use  care  to  make  sure  that  large  depletions 
attributed  to  bubbles  are  not  in  reality  due  to  the  penetration  of  the  bottomside  of  the  F  region  by  the  satellite.  Stud 
ies  based  on  DE  2  overflights  of  ground-based  ionosonde  stations  and  higher  altitude  Alouette/ISIS  topside  sounder 
encounters  with  equatorial  bubbles  indicate  that  depletions  of  several  orders  of  magnitude  in  .Ye  correspond  to  bottom- 
side  penetrations,  whereas  depletions  of  one  order  of  magnitude  (or  less)  in  Se  are  most  common  in  true  encounters 
with  topside  bubbles. 

Author’s  Reply 

In  the  present  study,  the  satellite,  altitude  is  high  enough  GOO  km)  so  that  bottomside  penetration  should  not  be  a 
problem. 

F.Sluijter 

Can  you  comment  on  the  physics  of  the  stability  of  the  tubes? 

Author’s  Reply 

If  you  mean  by  ■‘•“♦.ability"’  the  lifetime  of  the  bubbles  with  n  (inside)  <  n  (outside),  it  is  mainly  determined  by  the  long 
diffusion  time  ot  the  electrons  across  the  magnetic  held.  Thus,  electrons  from  the  ambient  plasma  can  hardly  enter  the 
bubble  during  its  rise  time  up  into  the  topside  ionosphere.  It  is  thus  not  “filled  up’’  during  its  rise  time. 

D.  Anderson 

It  is  known  that  there  exists  a  longitude  dependence  on  low-latitude  bubble  formation  and  that,  in  fact,  hubbies  are 
primarily  seen  in  summer  months  in  the  Pacific  sector  rather  than  winter  months  Have  you  separated  your  bubble 
observations  according  to  longitude  to  see  if  this  is  true? 

Author’s  reply 

In  fact,  there  are  observations  at  different  longitudes,  but  the  authoi  would  have  to  take  a  closer  iook  to  see  if  bubbles 
were  seen  in  the  summer  months  in  the  Pacific. 


T.  Croft 

You  have  said  that  the  bubble  healing  mechanism  that  operates  at  dawn  cannot  operate  at  dusk.  Would  you  please 
explain  why. 

Author’s  Reply 

At  dawn  the  downcoming  illuminated  region  of  the  ionosphere  meets  the  upgoing  bubbles,  whereas  at  dusk  the  upgoing 
illuminated  region  runs  in  front  of  the  also  upward  moving  bubbles.  This  makes  the  difference. 

G.Rostoker 

1  can't  see  how  the  satellite  data  distinguish  between  a  bubble  (with  upper  and  lower  altitude  limits)  and  a  field-aligned 
duct  of  great  length  along  a  field  line.  Have  you  any  observationa*  evidence  which  favors  the  “bubble"  concept  over 
the  field-aligned  duct  picture? 

Author's  Reply 

Yes,  there  are  at  least  two  evidences.  One  is  from  the  early  radar  observations  by  Woodman  and  Laltoz.  They  clearly 
saw  density  voids  with  an  upper  and  a  lower  altitude  boundary.  The  second  evidence  is  from  plasma  simulation  results 
obtained  by  Haerendel  and  co-workers.  They  clearly  obtained  ’’bubbles”. 


simulation  of  the  polar  cap  f  region  ionization 

USING  AN  EXPERIMENTAL  CONVECTION  ELECTRIC  FIELD 


hy 
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France 


ABSTRACT 

The  electrons  and  ions  concentration  over  the  polar  cap  F  region  has  been  calculated  with  a  code  running  on  a  vectorial 
computer.  Four  coupled  continuity  equations,  one  for  each  ion  specie,  are  solved  together  with  the  momentum  equation, 
assuming  that  the  ion  velocities  and  temperatures  are  the  same  for  all  species.  The  transportation  of  the  ionisation  is  due  to 
neutral  wind  drag,  the  electric  field  and  the  ambipolar  diffusion  velocity  which  includes  a  stress  tensor  for  taking  account  of 
the  anisotropy  created  by  the  intense  electric  Field  encountered  in  the  polar  cap  The  horizontal  ion  transportation  is  due  to 
the  planetary  convection  electric  field  which  is  deduced  from  24  hours  EISCAT  observations  during  a  quiet  day.  Because  the 
observations  are  limited  northward  in  latitude  it  is  necessary  to  interpolate  the  cquipotential  lines  providing  reasonable 
physical  av  umption.  Then  the  experimental  convection  electric  field  is  replaced  by  a  theoretical  one.  Results  from  the 
simulation  of  the  ions  concentration  with  the  two  convection  models  are  compared.  They  are  compared  also  with  the 
EISCAT  electron  density  measurements. 


DISCUSSION 


G.Rostoker 

The  high  latitude  anomalously  low  densities  (compared  to  model  predictions)  observed  at  040U  and  UoOO  MLT  •  where 
do  they  lie  with  respect  to  the  auroral  oval?  Is  it  possible  that  the  anomalously  low  number  densities  are  associated 
with  polar  cap  (or  boundary  plasma  sheet)  regions,  whereas  the  good  agreement  between  model  and  data  at  lower 
latitudes  is  associated  with  the  central  plasma  sheet  (i.e.,  equatorward  portion  of  the  auroral  oval)? 

Author’s  Reply 

The  low  level  of  density  at  0100  is  associated  with  the  high  velocity  observed  by  the  radar.  Whether  this  region  is 
associated  with  the  inside  boundary  of  the  auroral  oval  at  that  time  or  with  the  outside  boundary.  I  don't  know  I 
have  not  checked. 
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SUMMARY 

The  reduction  of  Maximum  Usable  Frequency  (MUF)  during  a  geomagnetic  storm 
represents  a  serious  hindrance  to  the  efficient  operation  of  HF  transmission  links.  This 
paper  discusses  possible  improvements  in  forecasting  services.  Statistical  analyses  of 
ioriosonde  data  from  Slough.  II. K.  (52°N)  are  used  to  define  patterns  for  the  main  phase 
effects  of  ionospheric  storms  and  these  are  compared  with  similar  patterns  derived  for 
other  midlatitude  stations.  The  storm  induced  changes  in  foF2  are  primarily  dependent, 
upon  local  time,  season  and  the  sttengt.h  of  the  geomagnetic  disturbance,  as  ouant.  ified  by 
the  geomagnetic  index  ap(r>.  The  phase  of  the  solar  cycle  controls  average  ionisation 
levels  whilst  short-term  variations  in  solar  activity  have  little  effect.  The  computed 
mean  patterns  can  be  used  to  forecast  foF2  for  a  few  hours  ahead.  given  the  required 
geomagnetic  input.  Data  from  a  complete  solar  cycle.  1371  through  1981.  are  us*-d  tr 
determine  the  errors  in  the  forecasts  and  t<*  de^r./v-strate  that  a  useful  ad van t age  -an  b*- 
attained  by  this  method.  The  root  mean  square  error  in  foF2  for  89139  sample*;  is  1 4  . 4  *, 
which  compares  favourably  with  the  17.0%  that  is  obtained  using  Forecasts  bared  ;p<  u 
either  quiet,  time  values  or  the  previous  day's  me a sure men » .  ;-.t  ud  i  **r\  f  -rn  r 

distributions  highlight,  various  limitations  in  the  technique  and  indicate  -iV'-iii-  s  ? 
further  improvement. 


1.  INTRODUCTION 

Since  the  Maximum  Usable  Frequency  (MUF)  for  radio  common  i-  a  t  i .  .n  •  w-  wid-lv 

spaced  users  is  mainly  controlled  by  critical  frequency  fnF2  .  the  negative  ?;t  rm  et*.--t 
which  considerably  reduces  foF2  can  oft.en  prevent  reception  The  requirement.  *.  t  r-n..-m i  • 
and  receive  near  to  MUF  is  fostered  by  the  need  to  escape  f  r<vm  the  .  r.z~ t  i  •  >r,  .m.r  » r,  t 

lower  frequencies  and  the  desire  for  greater  bandwidth.  Radio  amateurs,  t  a  r  t  * .*  1  a  r  i  v  TX 

enthusiasts,  are  vulnerable  because  of  frequency  restrict. ions  and  relatively  low  -tgrr*: 
strengths.  The  problem  would  be  greatly  relieved  if  good  forecasts  were  available.  to* 
the  long  standing  lack  of  understanding  of  ionospheric  storrr -•  has  •-••■n  r  i  r  ua  1  1  v  thwarted 
this  approach.  Wrenn  et  al.  ft]  identified  underlying  pat**-rns  in  the  v  ar  i  abi  i  i  •  v  <f  f-- -V 
observe^  over  the  South  Atlantic*.  Antarctic  region  during  i  r>r..'  spher  i  c  s.  t.-rme  Wr»u,n  and 
Rodger  [21  have  since  used  Argentine  Islands  data  to  show  h-  w  «-n<-h  r-d  r,  igh*  I-  S 

to  improve  the  forecasting  of  foF2  at  mid  1  a t. i  tudes  . 

The  t  rad  1  b  i  ona  1  concept  of  an  ionospheric  storm  demands  at  least  a  tar*  -.•  ! 
preferably  an  ’end  :  unfortunate  1  v  discrete  and  is.-,  la  ted  storms  sr-  v>rv  rir**  1 1  ;  «■ 

r.f  ten  difficult,  to  identify  defining  character  ist  Ins  although  t^-ir  -an 

sometimes  be  contained  by  tying  certain  features  t.>  min  and  Lj.-,  e 

However,  such  analysis  implies  a  dependence  ipon  the  elapsed  time  t'r-  m  the  .-  *  a  r  • 
r  st'.rm  time)  and  it.  is  clear  that  the  thermospheric  response  will  then  he  a  fun.  •♦.  •  n  f 

local-time  at.  onset  and  the  pre-st..  rm  conditions.  Paper  II  1  avoided  manv  •  •  f 

Problems  by  postulating  tnat.  the  ratio  of  fop 2  to  its  qni-*t.  value  an  he  dire.-*  iv 

correlated  to  an  integrated  geomagnetic  activity  index,  aj.t  t  i  .  Whi’e  this  simple  .apt*-  a  h 
can  only  go  part  way  to  describing  reality,  it  provides  a  »•.*.- is  f-.r  ►mpiri-al  ir^.l-!  i  u.’ 
and  offers  a  vital  element  of  a  prediction  scheme  which  promises  a  significant  a.iv-n-—  -n 
anything  currently  .available  Two  kev  -unponent  are  i  r.v- .  1  i .  t  tie  i..?i  f 

dependable  quiet-time  ref*-rerv-e  values  arid  the  .level  . pm*  nt  ..f  s  -lar  and  qe<  r.agf..-*  i 
indices  that,  reflect  present  and  past  activity  with  proper  t --mp'-ra  1  weighting. 


2.  DATA  ANALYSIS 

The  analysis  deerribed  in  [1)  was  developed  intuitively,  the  steps  teine  punctuated 
by  critical  surveys  of  a  large  quantity  of  data.  The  results  seemed  to  iust i fy  the  means 
but.  in  order  to  produce  quantitative  models  arid  estimate  appropriate  confidence  limits, 
it  was  riecessai  y  to  test  the  various  assumptions  and  s  i  mpl  i  f  i  ca  t  i  ans  used;  this  was  dr, rie 
[21  with  foF2  measured  at  Argentine  Islands  16 fioS.  64"W^  Here  the  adopted  r*r« -..-#-du res 
applied  to  data  from  Slough  fbl.h'-N.  O.RoWt  uhere  ionospheric  soundings  have  been  made 
since  1932  and  t.he  first  observations  of  the  negative  storm  effect  were  made  in  1985.  f3  1 
The  input,  data  supplied  by  WDC-G]  are  the  hourly  scalings  of  foF2  for  a  romplete  solar 
cycle,  1971-1981;  t.he  3- hourly  aj>,  and  t.he  daily  10.7  cm  sr»lar  flux  values  i  hurst 
corrected )  for  the  same  period. 
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A  key  to  describing  the  foF2  variability  has  been  the  introduction  of  a 
t i me -weigh ted  accumulation  of  ap  fl.41  and  t.he  selection  of  a  suitable  persistence  factor 
r.  ap  (t)  is  a  normalised  summation  of  precessive  ap  values  each  multiplied  by  t  raised 
to  a  power  equalling  the  number  of  3-hour  intervals  which  have  elapsed;  the  persistence 
is  defined  as  -  3  /  In  r  hours,  r  -  0.75  or  0.6,  persistence  12  to  15  hours,  has  been  used 
a  ft  an  appropriate  value  for  the  mid  latitude  ionosphere  (but  see  section  2.3). 

2.1  Quiet  time  reference  frequencies 

Over  the  eleven  years,  ap(0.8)  is  less  than  4.7  for  10%  of  the  3 -hour  intervals. 
Using  this  as  t.he  criterion  for  'quiet.'  conditions.  0188  foF2  values  were  pxt.rflrt.^d, 
about  30  for  each  hour  of  each  month.  To  establish  their  dependence  upon  solar  activity, 
the  10.7  cm  radio  flux  was  selected  as  being  t.he  most  convenient  and  effective  monitor. 
Daily  values  ranged  between  85  and  290  (xlO-22  w  m-2 )  through  the  period  but  fie  l  shows 
that  27  day  variations  were  large  near  solar  maximum  Since  these  short-term  changes  did 
not.  modify  foF2  significantly,  see  below,  a  smoothed  index  was  required.  As  an  81  d.-.  v 

running  mean,  recommended  t.o  users  of  MSTS  [51,  is  only  available  retrospectively,  this 
analysis  uses  Fio. 7(0.98)  which  is  defined  in  the  same  way  as  aplr).  Since  F10.7  is  a 
daily  monitor.  r=fl.98  corresponds  to  a  persistence  of  -1  /In  0.98  y.  50  days.  0.98  was 
chosen  to  smooth  out  the  short-term  variations  and  match  t.he  amplitudes  t.o  those  of  the 
81  day  means  but.  no  formal  optimisation  was  attempted.  These  features  are  clear  from  fig. 
1.  While  Fio.7(0.98)  lags  in  phase  near  solar  maximum,  it  does  represent,  a  reasonable 
compromise  measure  of  solar  activity  -  better  than  daily  values,  or  monthly  means  which 
have  large  discontinuities.  Plotting  foF2 .  for  particular  month*  and  hours.  against 
Fio. 7(0.98)  showed  marked  departures  from  linearity  (see  fie.  3)  arid  it.  was  decided  t  o 
employ  look-up  tables  and  interpolation  rather  than  curve  fitting.  Examination  of  the 
frequency  distribution  for  the  quiet  days  led  to  the  selection  of  the  following  ranges 
for  averaging 


mean 

s  .  d  . 

N°  of  hours 

71 

to 

34  . 

76 

4 

2960 

85 

to 

112. 

99 

9 

2972 

113 

to 

160. 

130 

1  2 

2826 

161 

t.o 

221  . 

193 

1  2 

2363 

The  quiet.- time  foF2  s  were  binned  in  terms  of  month,  hour  and  range  of  F  i  n  .  ?  f  n  .  98  )  and 
then  averaged  to  give  a  complete  matrix.  The  lowest  (solar  minimum)  and  highest,  (solar 
maximum)  frequency  sets  are  pi ot.t.ed  as  fig.  2  w'th  lines  linking  the  24  hourly  means. 
These,  together  with  the  data  points  for  the  representative  hours  plotted  as  fig  3. 
illustrate  t.he  typical  accuracy  that  can  be  expected  f rom  linear  interpolation  between 

the  four  mean  values  utilised  in  the  quiet. -time  model  These  four  samples,  covering  a 

range  of  season  and  local  time,  reflect,  the  extremes  in  gradient  and  non-linearity;  the 
scatter  of  po  i  rit.s  i  s  eneon  rag  i  ng  1  y  sma  1  1  . 

For  any  hour  of  any  day  of  any  month  it  is  now  possible,  with  the  known  or  estimated 
value  of  Fio.7(0.98>.  t.o  calculate  the  appropriate  quiet-time  foF2  (  f  q )  .  This  involves 
linear  interpolation  between  t.he  four  activity  levels  and  also  between  conseeu  t.  i  ve 
m-'-nths.  the  averages  being  assumed  to  apply  for  the  18t.h  of  each  month.  Since  Fin.  7(0. 98) 
change*  slowlv.  a  reasonable  estimate  of  fq  can  be  made  for  several  weeks  in  advance  and 
longer  term  prediction*  are  possible. 

T r.  >rder  t.  check  that,  short-term  variritions  in  t.he  10.7  cm  flux  rea  1  1  v  can  be 
neglected,  all  9188  very  quiet.  foF2  s  were  compared  with  t.he  corresponding  model 
calculated  values,  the  ratio  ifo/fq)  being  plc.tt.ed  against.  the  difference  he  t.  ween  the 

daily  and  accumulated  fluxes  [Kio.7  Fin, 7(0.98)1 .  Fig.  4  shows  no  obvious  trend  within 

the  scatter  for  which  t.he  best  fit  straight  line  is  determined  to  be 

fo  -  fa  (  1  010  +  0.0010  r  Fio.7  •  Fin. 7(0  98)1)  .Ml 

This  confirms  that  anv  additional  dependence  upon  the  daily  Fine  is  verv  w^ak 

2 . 2  Seasons l  Pat  terns 

Following  t.he  treatment  described  in  111  t.he  computed  values  of  ln(N/No)  for  .Slough. 
1971-1981.  were  hinned  in  station  time  ( FIT ) .  month  and  range  of  af.(H.75).  Fig.  5  shows 
the  resulting  seasonal  trends  in  the  diurnal  profiles  of  the  mean  values  for  verv 
disturbed  conditions  i.e.  apni.75)  .•  30.  The  smallest,  values  of  ln(N/N->)  occur  in  the 
early  morning  hours  during  March  and  April  and.  to  a  lesser  extent.  August,  and  September; 
the  *n  1  y  positive  values  are  post  noon  in  January.  While  the  sharp  features  (e  g  IHHT. 
December)  coincide  with  inadequate  sampling,  the  essential  profile,  changing  smoothly 
f  r-  .m  month  to  month,  conclusively  establishes  that  storm  modification  of  t.he  F?  -region  is 
.-.t.rorigly  time  dependent  The  storm  effects  at  f, lough  are  considerably  smaller  than  those 
at  Argentine  Islands  at.  the  same  geomagnetic  latitude  (54a)  in  t.he  southern  hemisphere, 
fig.  8  of  {11  The  inference  is  that,  the  local  time  dependence  is  influenced  hv  27, "4" 
•reoartphlc  latitude.  perhaps  sunrise  and  sunset  times;  the  difference  in  longitude  is 
less  likely  to  he  important. 

2.3  Optimising  the  Persistence  Factor 

in  I’M  r-0  75  (  12  hour  persistence)  was  adopted  simply  by  inspection  hut,  no  real 
attempt,  was  made  to  iust.ifv  this.  Diurnal  profiles  of  ln(N/No\  presented  in  figs.  5  &  R 
of  r  1  1  sh-.w  that  increasing  ap(0 .75)  corresponds  with  an  enhancement,  of  main  phase  storm 
effects  and  establishes  that  such  f^rt.s  are  greatest,  during  t.he  summer  months.  The 
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coarse  binning  led  to  average  values  with  large  standard  deviations  and  begged  the 
question  of  a  meaningful  correlation  between  ln(N/No)  and  ap(r).  The  optimum  value  of  r 
was  found  to  be  0.8  for  Argentine  Islands  [21  by  selecting  an  interval  exhibiting  strong 
geomagnetic  activity  dependency  and  determining  the  maximum  correlation  coefficient  for 
varying  r.  Results  for  other  intervals  and  other  stations  are  presented  as  fig.  S  and  are 
interesting  because  they  provide  a  measure  of  the  times  of  thermospheric  response  to 
geomagnetic  disturbance:  9  h  at  Halley  Bay,  12  h  at  Port  Stanley,  14  h  at  Argentine 
Islands  and  30  h  at  Slough.  A  shorter  time  (~7  h)  applies  to  the  positive  effect  at 
Argentine  Islands  on  winter  evenings.  but  here  the  significance  is  much  lower.  The 
correlation  coefficient  curve  peaks  are  not  sharp  and  although  r=0.8  is  here  used  to 
order  the  data,  previous  analyses  using  r=0.75  are  still  valid:  a  slighter  higher  value 
(“0.9)  might  be  marginally  better  for  Slough  (Persistence  may  actually  change  through  the 
solar  cycle). 

2.4  Linear  Fitting  of  Geomagnetic  Activity  Modification 

For  every  value  of  foF2  during  1971-1981  the  corresponding  fq .  the  ratio  fo/fq  and 
Af'fn.8)  were  determined  as  inputs  for  linear  regression  analyses  of  each  month-hour  set. 
Measurements  made  within  9  hours  of  an  SSC  were  eliminated  because  they  do  not  fit  into 
the  main  phase  patterns  which  have  been  identified  fl].  Fig.  7  gives  examples  of  scatter 
plots  for  fo/fq  as  a  function  of  ap(0.8):  the  best-fit  straight  lines  are:' 

(a)  March.  hour  03;  fo/fq  =  0.96  -  0 . 005f>  x  ap(0.8)  with  r  =  -0.417 
( b '»  .  January .  hour  17;  fo/fq  =  1.02  +  0.0042  x  ap(0.8)  with  .r  =  0.228 

These  examples,  taken  for  gradient  extremes,  show  the  typical  quality  of  fit  for  the 
dataset..  For  Argentine  Islands  data,  the  gradient  ranges  between  *0.013  and  *0.009  and 
the  correlation  coefficients  (  r)  are  correspondingly  greater  (-0.793  &  0.445)  f2]. 

Intercepts  arid  gradients  of  the  best- fit  lines  are  stored  as  24x12  matrices  so  that, 
given  a  computed  or  estimated  value  of  ap(0.8),  it  is  now  possible  to  calculate  foF2. 
TABLE  1  lists  ratios  (100  fo/fq)  for  four  geomagnetic  activity  levels  given  by  ap(0.8) 
equal  to  6  (quiet).  15  (normal).  25  (disturbed),  and  45  (very  disturbed).  The  very 
disturbed  values  effectively  contain  the  same  information  as  fig.  5  but  some  refinement 
has  been  achieved  by  revising  the  bin  boundaries  to  eliminate  undersampl ing . 


3.  foF2  FORKCASTING 

Hr  rad iocommuni cation  (“2  to  40  MHz'  over  distances  of  hundreds  to  several  thousand 
kilometres  is  strongly  dependent  upon  reflection  from  the  ionospheric  F2  layer  but  the 
latter  is  highly  variable.  For  many  years  there  have  been  a  short-term  forecasting 
services  which  attempt  to  predict  the  deviations  on  a  timescale  which  is  useful  for 
operational  frequency  management.  MOF ' s  are  a  function  of  layer  height  and  thickness  as 
well  as  foF2 ,  but  variability  of  foF2  represents  the  major  obstacle  to  successful 
forecasting.  24  hours  seems  to  be  the  right  order  of  lead  time  required  for  short-term 
forecast,?,  although  there  is  no  doubt  that  a  6  hour  service  could  be  utilised  if  it 
offered  increased  reliability;  longer  term  predictions  of  future  trends  also  have  an 
important,  role.  Empirical  modelling  of  foF2  from  a  single  ionosonde  station  is  described 
above  and  the  method  can  obviously  be  applied  to  other  stations.  The  incorporation  of  the 
diurnal  and  seasonal  patterns,  described  in  relation  to  solar  and  geomagnetic  activity 
indices,  into  forecasting  algorithms  should  reduce  the  impact  of  variability.  The 
prediction  of  quiet-time  values  is  simple  and  f'an  be  carried  out  with  confidence  for 
several  weeks  in  advance;  solar  cycle  trends  can  also  be  established  with  reasonable 
accuracy.  The  inclusion  of  the  geomagnetic  storm  effects  is  more  difficult  and  depends 
upon  the  availability  of  ap.  The  introduction  of  digital  magnetometers  arid  data  networks 
has  made  the  rapid  determination  of  ap  fKp)  feasible  and  the  Space  Environment  Services 
Center  at  Boulder  provides  continual  updates  of  the  latest  values  arid  27  day  predictions. 
Magnetic  parameters,  from  which  ap  can  be  found.  have  recently  become  available  in 
real  »  i me  'GIFTS'  (W.F. Stuart,  private  communication). 

3.1  A  Teat  of  the  foFZ  Forecan ta. 


It.  is  difficult  to  establish  how  good  a  forecast  must,  be  for  it.  to  be  useful,  or  how 
bad  jt,  can  lie  before  it  becomes  counter  •  product  ive .  but  the  first  step  is  to  define  a 
quantitative  measure  of  its  success.  It  is  easy  to  compare  the  forecast  with  subsequent 
measurement  arid  determine  the  error.  For  a  large  number  (N)  of  forecasts  (ff)  it  is 
b/s-i'vil  to  compute  a  root  mean  square  error  as 

,  -  /  (  ff-fo)2 1  /  N  ....  (2) 


which  can  be  related  t.o  the  correspond ing  mean  frequency  (E  fo)/N.  The  clear  objective  of 
improved  fore, -anting  must  then  be  to  minimise  i.  For  a  24  hour  forecast  it  is  possible 
to  use  today  «  measurement  as  a  forecast,  for  tomorrow  so  any  worthwhile  scheme  should  do 
better  than  this  Using  all  the  89139  scalings  during  t.he  eleven  years.  TABLE  2  lists 
mean  foF2  for  each  hour  set.  and  compares  the  results  of  three  forecasts.  Adopting  the 
previous  day's  measurement.  (A)  gives  rms  errors  between  0.70  and  1.25  MHz  through  the 
day,  i  . between  14%  and  19%  of  the  mean  values.  Adopting  instead  the  quiet-time  values 
(R)  produces  a  different  distribution  with  errors  between  0.79  and  1.23  MHz;  near  midday 
there  is  little  change  but  at  all  other  local  times  the  quiet- time  assumption  is  worse. 
However,  using  t.he  ap(O.fl)  dependence  (G)  does  succeed  in  reducing  the  errors  at  every 
hour .  ranging  between  0.57  MHz  at.  05  h  t.o  1  .04  MHz  at  11  h.  It  should  be  noted  that  the 


Fio.t(0.98)  and  ap(0.8)  values  used  In  (B)  and  (C)  were  those  corresponding  to  the  day 
and  hour  concerned.  Since  the  Initial  phase  of  an  ionospheric  storm  is  not  covered  by  the 
model,  3064  measurements  made  within  9  hours  of  a  reported  SSC  were  eliminated  from  the 
treatment  for  (C). 

Further  analysis  of  the  fC)  results  gives  a  breakdown  of  the  accumulated  errors  ir.tc 
month  and  year.  Rms  errors  for  each  month.  January  to  December,  (all  hours)  are 
0.73  0.89  0.93  0.88  0.82  0.67  0.62  0.66  0.89  0.97  0.91  0.83  MHz. 

This  pattern  is  interesting  because  it  shows  that  forecasting  is  more  difficult  near  an 
equinox  in  March  or  SeptemberVOctober  than  in  the  summer  or  winter.  Rms  errors  for  each 
year  1971  to  1981  (all  hours)  are 

14.2%  15.4%  16.6%  15.9%  14.6%  14.6%  14.7%  15.7%  14.9%  14.4%  17.2% 
of  the  corresponding  mean  frequencies.  Whilst  the  latter  increase  towards  solar  maximum, 
the  percentage  errors  are  very  similar  and  there  is  no  obvious  pattern:  for  every  vear 
the  hourly  distribution  i6  similar. 


4.  DISCUSSION 

The  underlying  causes  of  the  time  variations  of  both  the  height  and  plasma 
concentration  at  geomagnetic  midlatitudes  are  still  poorly  understood.  Empirical  models 
will  never  achieve  particularly  high  success  rates.  In  parallel  with  practical 
forecasting  attempts  there  is  a  need  for  more  theoretical  and  modelling  work  to 
understand  the  fundamental  physics  of  the  problem;  Rishbeth  (6)  describes  the  present 
state  of  knowledge. 

Although  the  diurnal  and  seasonal  patterns  in  foF2  can  clearly  be  established.  thev 
are  generally  masked  by  considerable  day-to-day  variability  which  cannot  be  accounted 
for.  This  renders  the  process  of  forecasting  unreliable  and.  whilst  the  treatment 
described  here  does  offer  some  advance,  it  does  not  represent  the  breakthrough  that,  is 
really  needed.  There  are  numerous  limitations  with  the  basic,  data  and  some  of  thes®* 
been  highlighted  by  this  analysis.  The  scaling  of  ionograms  is  something  of  an  art.  and 
the  problems  associated  »  ith  oblique  echoes.  FI  signal  distortion.  sporadic  E. 

interference  and  dispersion  can  produce  errors  of  several  percent.  When  the  inaccuracy  of 
scaling  was  assessed  to  be  greater  than  *  2%,  this  is  indicated  bv  qualifying  letters 
[7].  which  were  ignored  in  this  analysis  because  of  their  relative  i ns igni f icance  in  the 
large  data-base.  Given  the  scaling  resolution  of  0.1  MHz  for  foF2  and  the  inclusion  of 
some  points  which  may  be  20%  high  (El  or  low  (D).  the  overall  accuracy  is  unlikely  to  be 
better  than  "5%.  The  digitising  of  the  data  is  also  not.  without  fault;  a  number  of  typing 
errors  have  been  identified  but  other  less  obvious  mistakes  may  remain  undetected. 

The  10.7  cm  flux  is  probably  a  rather  coarse  monitor  of  the  solar  F.UV  fluxes  whi^h 
control  t.he  production  of  the  F2-region  T Q 1  but  it  is  difficult  to  anticipate  any 
realistic  alternative.  Sunrise  and.  to  a  lesser  extent,  sunset  cause  some  discontinuity 
and  this  leads  to  error  because  the  analysis  is  limited  by  the  hour’y  resolution  of  the 
foF2  measurements.  For  a  particular  hour  this  effect  can  be  smoothed  out  within  a  monthly 
average . 

The  initial  phase  of  ionospheric  storms  presents  a  problem  because  foF2  then  behaves 
quite  differently  to  the  main  phase  patterns.  Usually  it.  exhibits  a  strong  positive 
effect  but  the  amplitude  and  duration  of  this  feature  depend  upon  the  local  time  of  t.he 
SSC  t  sudden  storm  commencement.).  While  it  might  be  possible  to  predict,  recurrent,  storms, 
this  cannot  be  done  accurately  and  no  satisfactory  model  has  yet  heen  developed.  At 
present,  one  must,  accept,  that  SSC's  will  come  without  warning  and  the  best.  that,  can  be 
done  is  to  issue  a  warning  and  wait  for  the  recovery.  There  is  some  compensation  for 
communicators  in  that  the  negative  effects  and  much  lowered  MffF's  are  usually  delayed  by 
several  hours  from  the  onset  time. 

The  introduction  of  aj,(0.fi)  has  permitted  the  regression  analysis  which  is  t.he  basis 
of  the  forecasting  strategy  described  here.  However,  this  derived  index  is  far  from  ideal 
and  its  limitations  [4]  must  not.  he  ignored  Frr  anv  ionosonde  station  it  is  lifcejy  that 
a  local  a'  index  would  form  a  better  starting  point  but  such  data  are  not  generally 
available  in  a  suitable  format.  It  has  been  demonstrated  that  apffi.S)  serves  the  purpose 
better  than  ap:  Dst  was  tried  but  the  results  were  poor,  the  persistence  of  the  ring 
current,  is  different,  to  that,  of  the  thermosphere.  If  the  ionospheric  storm  has  part,  of 
its  origin  in  the  auroral  region,  then  it.  makes  6ense  to  search  for  an  fo F2  dependence 
upon  an  index  of  the  AE  type;  this  has  vet  to  be  attempted.  Scatter  .  >t.s  such  as  fig.  7 
certainly  show  that  the  adopted  linear  functions  of  api'0.8)  are  oniy  justified  bv  the 
poorness  rather  than  the  goodness  of  the  fit.,  that,  is  to  say  that,  any  more  sophisticated 
fitting  is  not  warranted  by  the  extent  of  the  scatter;  for  Slough  t.he  latter  would  be 
slightly  reduced  by  utilising  ap(O.'J)  There  is  obviously  room  for  improvement  in  the 
present  treatment. 

Since  t.he  data  best,  fits  a  persistence  of  some  30  hours,  it  is  clear  that  a  forecast 
of  the  type  proposed  here  is  limited  to  a  few  hours  but  advances  in  the  techniques  for 
geomagnetic  monitoring  should  permit  the  required  index  to  be  computed  close  to  real 
time,  or  at  least  up  to  6  hours  previously. 

The  height  of  the  F2  peak  (hmF2)  is  important,  to  t.he  physics  of  the  production  and 
loss  processes  and  the  HF  reflection;  how  this  changes  during  an  ionospheric  storm  is 
therefore  a  vital  question.  The  apparent,  height.  h'F2  give6  some  information  on  layer 
thickness  and  underlying  ionisation  but  a  better  estimate  can  be  obtained  from  M(3(100)F2 
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r  9 1  .  Th~  digitized  sr.5ilir.ffR  of  Mi3000)F2  and  foF  are  included  in  ir.e  -»-t  *n-i  t  n»- 

ea 1  on lated  htr.F2  could  be  treated  in  a  similar  way  to  f'-Fl:.  Th«-  ur,-ert.a  int  ie«.  wi  :  I 
a reater  but  the  broad-brush  statistical  approach  should  vieid  meaningful  r^RiiJt.s.  i  r  i »  i  I 
inspection  of  1373  and  1974  hmF2  values  suggests  that  the  storm  induced  h^icnt  'hanffe:- 
are  small.  The  current  deployment  of  digisondes  with  automat i ~  sr.alinw  of  hrr.F2  -t  uid 
provide  important  answers. 

There  is  growing  evidence  for  the  effects  of  gravity  waves  «-»n  foF2 .  1  variahiijrv 

on  a  time-scale  of  tens  of  minutes  to  an  hour  or  two  The  type  of  statistical  *  r--a  *  x~:i  * 
described  here  can  in  theory  be  extended  over  one  or  two  dimensions  with  r  tmt-r  } 

stations  but  it  will  be  difficult  t.o  achieve  the  necessary  matching  between  *he 

characteristic  scale  lengths  and  the  sampling  distances  which  are  fixed  ar.-'i  far  fr--.fi. 
idea 1 . 

Since  ionospheric  storms  can  last  for  several  davs  and  the  pronounce  i  n^gat i v~ 
effects  are  common,  it  seems  inconceivable  that  the  principal  changes  in  F;  t. 

electron  concentrat ions  result  from  a  variation  in  the  local  production  ritr 

ionisation.  Some  enhanced  particle  precipitation  at.  m idl at i  t.u-lep  as  an  * 

consequence  of  subst.c-rm  activity.  or  the  decay  of  t.he  ring  current,  might  pr'-d  <•-- 

increased  ionisation  but.  this  would  appear  to  be  of  secondary  importance,  except  p-rt.ap:- 
during  the  initial  phase  of  the  storm.  It.  is  generally  accepted  that  the  1  ra*- 
m o«d if  i cation .  due  to  changes  in  atmospheric  composition,  is  the  most  probable  -au.-:>-  f 
observed  NmF2  storm  trends  but  it.  is  difficult  t..:,  develop  a  theory  which  a-"'-'-  unts  f<  r 
the  detailed  features  of  the  measurements.  An  enhancement  of  the  INCl/IO)  ra»i- 
generated  by  auroral  heating,  may  be  transferred  equatorwards  by  1  arge-s.-a  le  c-;  rcu  l at  j  ■■  r. 
■  <r  gravity  wave  but  sophisticated  3-D  time  dependent  computer  models  of  *he  gl-ta; 
thermo-  sphere  currently  cannot  reproduce  the  effects  seen  at.  mid  1  at.i  tu.le  Neutrai  wind 
patterns  are  crucial  TIO]  but.  these  are  not  known  with  sufficient,  detail;  their  high 
variability  near  equinox  may  well  account,  for  the  relatively  poor  performance  of  rn- 
above  forecast  at  such  times. 

Although  the  storm  effects  at.  Slouah  are  smaller  than  at  Argentine  Islands.  it  ■>  ~ 
possible  to  deduce  average  profiles  which  are  meaningful  -  in  spite  of  large  -lav  t  -lav 
and  storm- to- storm  variability.  They  exhibit  repeatable  and  consistent,  patterns  in  term.-- 
'.f  the  level  of  geomagnetic  activity,  season  arid  solar  cycle  phase  Such  pa*  ♦  e  rns  may 
well  hold  the  key  to  the  identification  of  the  physical  processes,  involved  and  poir.t  * h- 
way  to  the  required  advance  in  forecasting. 
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Fig . 1 .  F10.7  for  1971  to  1982: 


daily  values  -  points, 

81  day  running  mean  -  thick  line, 
Fio. 7(0.98)  -  thin  line. 


Fig. 2.  Slough  quiet-time  foF2  (MHz), 
monthly  mean  diurnal  profiles. 
Hatching  covers  *  1  ^  d. 

(a)  solar  minimum, 

F i o . 7 ( 0 . 98 )  ^  76.4  +  3.9 

(b)  solar  maximum, 

Fio . 7(0.98)  -  197.5  +  11.5 


Fig. 3.  Quiet-time  foF2 

plotted  against  Fio. 7(0. 98)  with 
the  mean  model  interpolations: 

(a)  January  04h  (b)  March  1 3h 

(c)  July  14h  (d)  November  llh 


Fig. 4.  Quiet-time  ratios  of  fo/fq 
versus  daily  Fio . 7-Fio . 7(0.98) 


fq  is  the  foF2  predicted  with 
reference  to  Ft 0.7 (0.98) 


(N/Nd > 


10-N 


Fig. 5.  Variation  of  7n(N/No)  as  a  function 
of  station  time  for  each  month  for 
very  disturbed  geomagnetic  conditions 
using  data  from  Slough  for  the  period 
1971  1981 . 

Note  that  the  first  12  hours 
have  been  repeated  for  clarity. 
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Fig. 6.  Correlation  coefficients 
from  linear  fitting  of 
Zn(N/No )  to  ap(r), 
as  a  function  of  * 

(A)  Argentine  Islands 

(  Dee\Jan\Feb,  2\3\4h  LT  ) 
(8)  Port  Stanley 

(  Nov\Dec\Jan ,  S\6\7h  I«T  ) 

(C)  Halley  Bay 

(  Nov\Dec\Jan ,  2\3\4h  LT  ) 

(D)  Slough 

(  Mar\Apr,  2\3\4h  LT  ) 

( K )  Argentine  Islands 

(  Jul\Aug ,  19\20h  LT  ) 


—  p  <0.  B) 

Fig. 7.  Scatter  plots  of  fo/fq 
as  a  function  of  ap(0.8) 
with  best  fit  lines. 

(a)  Harch  uah  (b)  January  17h 

fq  is  the  quiet-time  foF2 
interpolated  with  respect  to 
day  of  month  and  Fio.t(0.98) 


DISCUSSION 


K.  Rawer 

With  respect  to  conclusion  #4  may  I  mention  that  analysis  of  extreme  UV  spectral  measurements  made  by  the  AEROS 
satellites  did  not  end-up  with  a  fully  satisfying  description  of  the  spectral  changes  in  terms  of  Ap  or  F10.7  We  found 
that  yet  another  parameter  is  needed  which  could  only  be  obtained  from  the  EUV-spectrum  itself. 

Author’s  Reply 

1  agree  that  the  10.7  cm  monitor  is  a  poor  one  for  solar  input  to  the  thermosphere;  there  is  evidence  that  it  does  not 
describe  the  EUV  flux.  Unfortunately,  there  is  no  better  index  available  and  the  situation  is  unlikely  to  change  in  the 
foreseeable  future,  satellite  measurements  are  few  and  far  between. 

B.Reinisch 

You  showed  that  using  yesterday’s  values  is  not  as  good  as  your  median  method  in  forecasting,  llow  did  you  use 
yesterday’s  values? 

Author’s  Reply 

Simply  by  taking  the  difference  between  ‘yesterday’  and  ‘today’  as  the  error  of  t he  ‘forecast’.  The  rtns  value  of  such 
'errors’  is  about  20%.  Any  scheme  of  short  term  forecasting  must  do  better  than  this.  More  sophisticated  ways  of 
using  yesterday’s  values  could  be  considered,  but  we  have  not  attempted  any. 


Medium  Scale  Structure  of  the  F-reqion 
Adolf  K.  Paul 

Naval  Ocean  systems  Center,  Code  542 
Ocean  and  Atmospheric  Sciences  Division 
San  Diego,  California, 92152-5000 
USA 


SUMMARY 

The  standard  picture  of  the  F-region  is  based  on  hourly  observations  by  ionosondes. 
More  frequent  recordings  with  advanced  digital  instruments  show  that  very  often  F-region 
variations  take  place  with  periods  of  less  than  half  an  hour.  This  means  that  even  if 
ionograms  are  taken  in  15  minute  intervals  the  actual  variations  of  the  ionosphere  are 
still  undersampled.  Assuming  that  we  observe  the  effects  of  propagating  acoustic 
gravity  waves,  the  undersampling  of  the  oscillations  results  in  an  overestinat ion  of  the 
periods  and  the  wavelengths.  This  in  turn  means  that  distances  between  existing  and 
planned  ionospheric  stations  are  too  large  for  correct  spatial  sampling  of  the  waves. 
Therefore,  at  this  time  the  observed  temporal  variations  in  combination  with  an  assumed 
propagation  velocity  provide  the  only  means  to  obtain  first  order  information  about  the 
medium  scale  spatial  structure  of  the  F-region  on  a  routine  basis. 

Digital  ionograms  recorded  during  1980/81  at  Brighton,  Colorado  show  characteris¬ 
tics  (  e.g.  virtual  height  variations  and  doppler  profiles)  supporting  the  hypothesis 
that  short  term  F-region  variations  are  caused  by  acoustic  gravity  waves  which  seem  to 
be  present  all  the  time  with  varying  amplitudes.  In  addition,  some  direct  evidence  for 
the  spatial  structure  can  be  obtained  from  the  angle  of  arrival  observations  and  their 
frequency  or  height  dependence. 

Comparisons  of  foF2  and  MUF(3000)  indicate  that  the  main  effect  of  gravity  waves  on 
the  F-region  structure  is  the  variation  of  the  height  of  the  layer  and  to  a  lesser  de¬ 
gree  a  variation  of  the  maximum  electron  density. 


TEMPORAL  AND  SPATIAL  STRUCTURE  INFORMATION  OBTAINABLE  FROM  VERTICAL  SOUNDING 

Modern  technology  now  permits  us  to  measure  the  radio  phase  of  a  single  echo 
reflected  from  the  ionosphere  to  one  degree  or  better.  It  is  this  quantity  with  its 
high  precision  which  provides  much  more  detailed  information  about  the  ionosphere  (Paul 
et  al. ,  1976) . 

The  comparison  of  the  phases  observed  at  three  or  more  spaced  antennas  yields  the 
angle  of  arrival  of  an  echo  which  gives  an  estimate  of  the  tilt  of  the  surface  ol  con¬ 
stant  electron  density  at  the  reflection  level.  In  many  cases  the  angle  of  arrival 
measurement  will  underestimate  the  tilt  angle  at  the  reflection  point  if  the  angle  be¬ 
tween  the  electron  density  gradient  and  the  vertical  is  a  monotonic  or  almost  monotonic 
function  of  the  height.  Such  a  situation  exists,  for  example,  during  the  undisturbed 
sunrise  or  sunset  period,  when  the  ray  direction  becomes  almost  horizontal  in  the 
vicinity  of  the  reflection  point  for  frequencies  reflected  close  to  the  height  of  maxi¬ 
mum  electron  density  (Paul,  1985). 

A  Doppler  frequency  can  be  derived  from  the  change  of  the  phase  with  time.  The 
Doppler  velocity  is  then  defined  as  the  product  of  the  radio  wavelength  and  the  Doppler 
frequency.  It  has  to  be  mentioned  that  the  observation  of  a  Doppler  frequency  (or 
Doppler  velocity)  does  not  necessarily  imply  a  motion  of  the  reflecting  area.  The 
radio  phase  of  an  echo  is  proportional  to  the  phase  path  which  is  the  integral  of  the 
refractive  index  along  the  ray  path.  A  decrease  in  the  phase  path,  or  a  negative 
DopplPr  frequency,  can  be  caused  by  a  decrease  in  the  distance  to  the  reflection  level 
or  by  a  local  increase  in  the  electron  density  somewhere  along  the  ray  path.  On  the 
other  hand,  the  combined  effect  of  a  local  increase  in  the  electron  density  and  an  in¬ 
crease  in  path  length  could  result  in  no  apparent  change  of  the  phase  path,  and  hence 
zero  Doppler  frequency, but  the  group  path  would  increase  significantly  in  such  a  situa¬ 
tion.  Generally,  the  Doppler  frequency  (or  the  Doppler  velocity)  is  an  indicator  for 
the  presence  of  temporal  changes  in  the  ionosphere,  but  its  interpretation,  especially 
without  comparison  to  the  temporal  changes  of  the  virtual  heights,  is  very  difficult  and 
often  not  unique  (Bennet  et  al.,  1986). 

The  change  of  the  phase  with  frequency  provides  an  improved  estimate  of  the  virtual 
path  length,  which  is  equal  to  the  virtual  height,  if  the  propagation  is  strictly  verti¬ 
cal.  An  accurate  value  for  this  quantity  is  highly  desirable  for  a  variety  of  analysis 
procedures  like  extrapolation  of  the  echo  trace  for  the  determination  of  the  critical 
frequency,  electron  density  profile  computation,  studies  of  the  temporal  variations  of 
the  virtual  heights  at  sets  of  fixed  frequencies,  etc. 


ESTIMATES  OF  SPATIAL  AND  TEMPORAL  STRUCTURE  PARAMETERS 


One  of  the  most  significant  results  obtained  during  the  short  period  of  operating  a 
NOAA  digital  ionosonde  at  Brighton,  Colorado  was  the  detection  of  the  high  variability 
of  the  ionosphere,  especially  the  F-region,  The  data  reveal  that  the  variations  taking 
place  are  of  a  rather  complex  nature  and  that  the  magnitude  of  those  oscillations  can 
vary  strongly  with  time.  The  MUF(3000)  ,  the  maximum  usable  frequency  over  a  3000  km 
path,  as  derived  from  monostatic  (quasi-vertical)  ionograms,  was  selected  as  an  in¬ 
dicator  for  the  variability  of  the  F-region.  This  quantity,  or  equivalently  the 
propagation  factor  M(3000),  is  a  standard  propagation  parameter  routinely  scaled  at  all 
ionospheric  stations.  By  its  definition,  the  MUF(3000)  is  also  well  defined  and  very 
sensitive  to  changes  in  the  lower  half  of  the  F-region. 

A  typical  example  of  MUF  variations  is  shown  in  figure  1.  Oscillations  with 
periods  mostly  in  the  range  from  20  to  30  minutes  are  clearly  visible.  There  is, 
however,  some  indication  that  the  variations  may  only  be  coherent  over  a  few  periods. 
Assuming  that  the  observations  shown  in  figure  1  are  caused  by  propagating  waves  with  a 
velocity  of  approximately  200  m/sec,  the  wavelengths  for  the  above  mentioned  range  of 
periods  would  be  between  240  and  360  km. 

Since  the  MUF(3000)  is  derived  from  the  virtual  heights  at  frequencies  about  10% 
less  than  the  penetration  or  critical  frequency  foF2,  we  expect  to  see  similar  varia¬ 
tions  of  the  virtual  heights  at  fixed  frequencies  in  this  frequency  range.  An  example 
of  this  behavior  is  shown  in  figure  2.  The  periods  visible  are  aqain  in  the  20  to  30 
minute  range,  but  we  also  see  that  maxima  and  minima  of  the  virtual  heights  appear 
later  at  lower  frequencies  (heights)  .  The  delay  time  is  approximately  4  minutes  over 
the  frequency  range  shown,  which  corresponds  to  a  true  height  range  of  approximately  50 
km.  While  the  first  period  shown  in  this  figure  may  give  the  impression  that  the  F- 
region  as  a  whole  may  oscillate  in  height,  the  second  period  shows  that  the  higher 
frequencies  penetrate  the  layer  for  several  minutes  and  are  reflected  aqain  later,  which 
can  be  interpreted  as  a  local  reduction  of  the  electron  density  due  to  a  temporary  local 
expansion  of  the  layer.  Comparing  the  frequencies  at  the  600  km  height  level  between 
the  times  13:36  and  13:45  we  find  a  temporary  reduction  of  the  maximum  electron  density 
of  4%. 

A  time  lag  between  the  variations  of  foF2  and  the  MUF(3000)  is  also  clearly  visible 
in  figure  3.  As  mentioned  earlier  the  critical  frequency  foF2  is  determined  by  an  ex¬ 
trapolation  process  based  on  the  variation  of  the  virtual  heights  with  frequency  over  a 
small  range  close  to  the  penetration  frequency.  This  means  that  the  effective  height  of 
variations  visible  in  foF2  is  lower  than  the  height  of  the  electron  density  maximum  by 
approximately  lot  to  15%  of  the  ha  1 f - th icknoss  of  the  layer.  On  the  other  hand  the 
height  range  which  determines  the  MUF(  1000)  is  on  average  45%  of  a  ha  1 1 -thickness  below 
the  peak.  A  height  difference  of  Jo  kn  between  the  two  levels  therefore  seems  to  be  a 
reasonably  accurate  estimate.  The  time  lag  corresponding  to  this  height  difference  can 
be  obtained  by  cross  correlation  of  the  two  data  sets.  With  the  data  shown  in  f inure  5 
a  maximum  of  the  cross  correlation  was  found  for  a  tine  lag  of  approximately  ?  . 
minutes.  Combining  the  height  difference  and  the  tine  lug  we  obtain  an  apparent  verti¬ 
cal  downwards  velocity  component  of  160  m/sec.  Velocity  estimates  of  this  kind  were 
computed  for  all  high  quality  data  sets  which  had  the  necessary  temporal  resolution  of 
20  or  more  ionograms  per  hour.  The  results  were  in  the  range  100  m/sec  to  200  m/sec. 

The  changes  taking  place  in  the  F-region  can  be  rather  complex,  as  is  evident  in 
figure  4.  Here  the  apparent  position  of  the  reflection  point  is  shown  for  a  range  of 
frequencies  close  to  the  penetration  frequency,  for  three  consecutive  ionograms  taken  in 
three  minute  intervals.  The  numbers  used  as  plotting  symbols  indicate  the  order  in 
which  the  data  were  recorded.  The  lowest  frequency  used  in  all  three  traces  was  11- 
.3303  MHz,  while  the  highest  frequencies  were  13.6662  MHz  for  the  first  and  13.7610  MHz 
tor  the  second  and  the  third  ionoqran.  The  low  frequency  end  of  each  trace  is  always 
the  point  closest  to  the  overhead  point.  We  see  that  in  the  first  ionogram  the  apparent 
echo  position  moves  farther  away  from  the  overhead  point  in  a  north  westerly  direction 
with  increasing  frequency,  but  then  suddenly  changes  direction  by  approximately  90  de¬ 
grees  toward  the  end  of  the  trace.  This  change  of  direction  occurs  for  the  second 
ionogram  at  a  lower  frequency,  and  already  starts  at  the  lowest  frequency  used  in  this 
display  in  the  third  ionogram.  With  the  electron  density  profile  parameters  computed 
from  the  ionograms  we  find  that  the  point  where  the  change  of  direction  occurred 
dropped  from  a  height  of  344  km  to  a  height  of  305  km  over  the  six  minute  time  interval 
between  the  first  and  last  ionogram,  corresponding  to  an  apparent  velocity  of  110  m/sec. 
The  observations  shown  here  have  to  be  interpreted  as  a  rapid  change  in  height  and  time 
from  one  orientation  of  a  prevailing  strong  F-region  tilt  to  another  one  with  the 
boundary  between  the  two  moving  downwards.  This  example  demonstrates  that  a  time  in¬ 
terval  of  three  minutes  can  already  be  long  in  terms  of  F-region  variations. 

Some  information  about  the  spatial  structure  of  the  F-region  can  be  deduced  from 
the  data  shown  in  figure  5.  The  upper  portion  shows  how  the  apparent  reflection  point 
moves  away  from  the  overhead  point  with  increasing  frequency  during  the  sunrise  period. 
A  very  similar  trend  is  seen  in  the  lower  portion  of  this  figure,  but  here  the  data  were 
taken  in  the  late  morning.  In  both  plots  the  points  farthest  away  from  the  overhead 
point  were  observed  at  frequencies  very  close  to  the  penetration  frequency.  For  sunrise 


conditions  a  model  tor  the  electron  density  distribution  as  a  function  of  height  and 
distance  from  the  daylight  brandary  can  be  derived  from  the  increase  of  foF2  as  a  func¬ 
tion  of  time  with  reasonable  accuracy.  Ray  tracing  studies  with  such  models  show  that 
the  distance  of  the  apparent  reflection  point  from  the  overhead  point  d’(f)  is  to  first 
order  equal  to  the  true  distance  of  the  reflection  point  from  the  overhead  point  (Paul, 
1985).  This  can  be  explained  by  the  facts  that  the  virtual  range  overestimates  the  true 
distance  to  the  reflection  point  and  the  observed  angle  of  arrival  underestimates  its 
zenith  angle  with  the  two  effects  compensating  each  other  to  a  large  degree.  The  ap¬ 
parent  distance  d'(f)  therefore  can  be  used  as  a  first  order  direct  measure  for  a 
horizontal  scale  size  -  a  distance  over  which  significant  changes  of  the  electron  den¬ 
sity  can  be  expected.  More  detailed  information  about  local  gradients  or  tilts  can  be 
obtained  by  comparison  of  d’(f)  with  the  corresponding  data  of  a  sunrise  electron  den¬ 
sity  model. 

Figure  6  gives  an  example  of  the  variation  of  the  apparent  echo  location  over  a 
longer  period  of  time.  Each  data  point  shown  was  obtained  from  that  portion  of  each 
ionogram  where  the  MUK(JOOO)  is  determined,  which  means,  as  explained  earlier,  that  the 
echoes  came  approximately  from  the  middle  of  the  lower  half  of  the  F-region.  The  data 
indicate  that  there  is  no  preferred  azimuthal  direction  for  the  angle  of  arrival  or  its 
equivalent,  the  horizontal  component  of  the  electron  density  gradient.  The  magnitude  of 
the  distance  from  the  overhead  point,  however,  seems  to  have  a  maximum  in  the  north-west 
and  south-east  direction.  It  should  be  mentioned  that  this  direction  does  not  coincide 
with  the  magnetic  declination,  which  is  14  degree  east  for  this  area. 

A  clear  demonstration  of  wavelike  variations  in  the  F-region  is  given  in  figure  7. 
Here  the  Doppler  frequency,  as  defined  earlier,  is  shown  for  both  magnetoionic  com¬ 
ponents  as  a  function  of  the  radio  frequency.  The  two  traces  display  very  similar 
sinusoidal  variations  of  the  Doppler  frequency  for  approximate! y  half  a  wavelength.  The 
height  difference  over  the  corresponding  plasma  frequency  interval,  obtained  from 
profile  computation,  is  approx i matel y  80  km,  which  implies  a  vertical  wavelength  of  120 
km.  Assuming  a  period  of  2  0  minutes  we  obtain  a  vertical  propagation  velocity  of  100 
r. •  see,  which  is  in  agreement  with  earlier  findings. 

o';;: 

n»e  ex  imp  l  Vi-  reported  hero  show  that  a  variety  of  parameters  indicating  the 

prcsorce  of  a  medium  scale  structure  of  the  F-region  in  space  and  tine  car.  be  derived 

from  single  site  observations  with  an  advanced  digital  lonosonde.  We  have  shown  that 
the  Mt'f  M non j  can  be  observed  with  high  icrur^cy  md  that  it  appears  to  be  a  reliable 
j  *  a  r ,  i  n* » t  o  r  d^s.-r- ;  h  i  no  the  temporal  variitions  of  the  lower  halt  of  the  F-layer.  Very 
rieguenMy  this  parameter  shows  periodic  behavior  with  periods  mainly  in  the  range  from 
in  minuter;  (Paul.  IOkkj.  Discrete  event:-.,  as  illustrated  in  figure  4  ,  can  o.vi.r 
within  a  much  shorter  time  span  and  very  c  i  gn  i  f  icant  change-.;  can  be  observed  in  time  .  r.- 
t  <:•  f  v  » •  f  :•  as  short  as  1  minutes.  time  lag  .  •  >t  similar  magnitude  are  cloirly  Jet  *-ct  up  !  *  •  in 
Mi-  v  u  .  if  ;.irr  id  fh«-  virtual  height:*  at  t  i  ftegu-.n  i<-s  .*  by  e.-op  if  icon  •  f-K  *.Mi 

lh->  nbr.ei  vat  ion  of  spatial  parameter:;  is  more  limited  Mian  the  :-*•  isur*-merd  of  t  -  - - 

feral  parameters.  Angle  of  arrival  measurements  show  the  presence  nt  tilts  and  their 
..hanger,  in  time  consistent  with  propagating  wave  phenomena.  l-sf  i  matey  of  the  horizon¬ 
tal  wavelengths,  however,  are  only  possible  by  making  assumptions  about  the  propagation 
velocity.  Direct  measurements  of  horizontal  wavelengths  would  require  observations  t i gr¬ 
it  least  three  sites  separated  by  approx  i  mate  1  y  half  a  wavelength.  Fst.i  mates  <*f  tln- 
veiti.a)  wavelength  arc  more  reliable  since  in  many  cases  they  can  be  directly  derived 
from  Doppler  profile  data  as  shown  m  figure  /. 

Unfortunately,  very  little  can  be  learned  about  the  magnitude  and  direction  of  t  tie 
prop, igat ion  velocity  of  the  observed  waves.  The  only  directional  information  available 
are  the  estimates  of  the  direction  of  the  gradient  of  the  electron  density  from  t  fie 
angle  of  arrival  measurements.  The  direction  of  this  gradient  may  bo  equal  to  the 
direction  of  propagation  in  some  situations,  o.g.  during  sunrise,  but  this  may  not  bo 
true  in  general.  Similar  remarks  apply  to  the  interpretation  of  the  Doppler  measure¬ 
ments  which  can  only  give  a  radial  velocity  component. 

The  results  presented  here  give  evidence  that  a  medium  scale  structure  is  present 
in  the  F-region  with  a  spatial  scale  of  the  order  of  tens  of  kilometers  and  a  temporal 
scale  in  the  order  of  minutes.  Based  on  a  very  large  sample  of  MUF(IOOO)  data  (Paul. 
1088)  from  more  than  20000  ionograms  we  have  reasons  to  believe  that  this  type  of 
(moving)  structure  is  present  for  almost  all  times,  and  only  the  magnitude  of  the 
variations  is  changing  with  time.  Questions  about  the  cause,  origin  and  direction  of 
propagation  of  such  patterns  remain  still  open,  but  might  easily  be  answered  by  coor¬ 
dinated  multi-static  observations. 
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DISCUSSION 


B.Reinisch 

You  showed  convincing  evidence  of  the  fast  variability  of  the  ionospheric  conditions  requiring  5  minute  sampling,  or 
so.  I  agree  with  you  and  I  am  happy  you  pointed  this  out. 

Questions: 

1.  You  showed  that  the  reflection  point  in  the  F  region  moves  by  tens  of  kilometers  within  8  seconds.  Can  you  be 
certain  that  the  F  layer  was  so  perfectly  stratified  during  the  observation  period  so  that  only  one  reflection  point 
exists  at  each  moment.  Our  observations  give  evidence  that  this  is  rarely  the  case.  How  does  the  presence  of  several 
simultaneous  reflection  points  affect  the  accuracy  of  your  technique? 

2.  You  interpreted  the  observed  differences  in  Doppler  shifts  for  the  0  and  X  traces  as  different  vertical  velocities  at 
the  O  and  X  reflection  heights.  Since  most  echos  are  slightly  oblique,  is  the  Doppler  not  dominated  by  the  horizontal 
drifts? 

Author’s  Reply 

1.  Phases  and  amplitudes  of  all  echoes  are  recorded  as  four  antenna.  Only  if  all  four  measurements  are  consistent  with 
a  plane  wave  the  data  are  used  for  angle  of  arrival  determination. 

2.  In  our  definition  the  Doppler  velocity  is  equal  to  one-half  of  the  temporal  change  of  the  phase  path.  For  corresponding 
frequency  pairs,  there  is  only  a  small  difference  between  the  ordinary  and  extraordinary  velocities  which  may  be  due  to 
the  different  electron  densities  experienced  along  two  different  ray  paths,  but  also  due  to  the  differences  of  the  phase 
refractive  indices  for  the  two  components. 


K.C.Yeh 

[  have  a  two-part  question. 

(a)  Is  your  computation  of  MUF  (3000)  applicable  only  to  a  spherically  symmetric  ionosphere? 

(b)  Your  answer  to  part  (a)  seems  to  indicate  that  you  have  used  a  control  point  method,  which  ignores  such  effects 
as  may  be  created  by  gravity  waves.  Is  it  therefore  true  that  the  real  MUF  (3000)  may  be  more  complicated  than  you 
have  described?  In  general,  you  may  even  expect  azimuthal  asymmetry  depending  on  the  aspect  of  propagation  path 
relative  to  the  direction  of  gravity  wave  propagation. 

Author’s  Reply 

(a)  The  MUF  computation  is  the  equivalent  of  the  transmission  curve  fitting. 

ib)  The  quantity  is  used  here  only  as  an  indicator  for  the  F  layer  variability,  not  for  propagation  prediction. 
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SUMMARY 


This  paper  describes  VLF/LF  radio  wave  observations  of  structure  and  variability  In 
the  lower  ionosphere.  Emphasis  Is  on  oata  relating  to  the  ionosphere  below  100  km, 
obtained  at  equatorial,  raid-latitude  and  polar  locations,  with  a  VLF/LF  pulse 
ionosounder.  The  use  of  the  data  to  help  characterize  the  short-  and  long  term 
variability  of  the  lower  ionosphere  Is  considered,  in  addition  to  its  use  to  infer 
specific  structural  features  of  the  ionosphere,  such  as  the  C-layer  below  70  km  altitude. 
Data  obtained  within  the  polar  cap  during  a  number  of  solar  proton  events  (SPE3)  are  also 
described. 

1.  INTRODUCTION 

VLF/LF  waves  -opagate  to  great  distances  in  the  waveguide  formed  by  the  surface  of 
the  earth  and  the  ionosphere  below  about  100  km;  i.e.,  the  D-region  during  daylight  and 
the  lower  E-region  at  night.  Apart  from  the  sunrise  and  sunset  periods,  V  L  r / L  F 
propagation  is  considered  to  have  stable  phase  and  amplitude  characteristics,  especially 
when  compared  to  those  associated  with  the  propagation  of  high  frequency  (HF)  waves, 
which  interact  with  the  ionosphere  over  an  altitude  range  that  Includes  the  D-,  E-  and  F- 
regions.  As  such,  VLF/LF  forms  the  backbone  of  a  number  of  long  range  navigation  and 
emergency  communication  systems.  In  order  to  insure  desired  system  performance  it  is 
necessary  to  know,  or  be  able  to  predict  with  a  high  degree  of  certainty,  the  3tate  of 
the  regions  of  the  Ionosphere  that  will  affect  the  given  system.  This  implies  a  need  for 
developing  models  of  the  ionosphere  which  can  be  used  for  propagation  prediction 
purposes.  These  include  phenomenological  models,  based  on  empirical  data  and  theoretical 
models,  derived  from  direct  consideration  of  the  physical  processes  which  govern  the 
structure  and  variability  of  the  ionosphere.  in  general,  a  comprehensive  theoretical 
model  of  the  ionosphere  Is  necessarily  complex,  owing  to  the  large  number  and  wide 
variety  of  physical  processes  that  may  have  to  be  considered.  In  addition,  the  problem 
is  made  even  more  difficult  in  that  some  of  the  critical  parameters  that  characterize 
those  physical  processes  have  not  yet  been  adequately  quantified.  Nevertheless,  numbers 
of  empirical  and  theoretical  models  of  the  ionosphere  have  been  developed  to  date,  and 
that  field  of  scientific  endeavor  remains  an  active  one.  Present  activities  are  almost 
solely  focussed  on  the  region  of  the  ionosphere  above  100  km,  due,  in  part,  to  the 
Intensive  use  of  the  HF  spectrum  for  civilian  and  military  c ommun i ca t i on  purposes,  as 
well  as  the  understanding  that  the  physical  processes  in  the  E-  and  F-regions  of  the 
ionosphere  are  much  more  dynamic  than  those  in  the  D-region.  In  order  to  encourage  the 
expansion  of  such  global  modeling  efforts  to  include  more  detailed  descriptions  of  the 
lower  ionosphere,  this  paper  describes  structure  and  variability  in  the  ionosphere  below 
100  km,  as  evidenced  by  ground-based  observations  of  VLF/LF  radio  waves. 

2.  VLF/LF  PROBING  OF  THE  LOWER  IONOSPHERE 

Variations  in  the  propagation  characteristics  of  VLF/LF  waves  are  usually  indicative 
of  changes  in  the  electron  densities  of  the  lower  ionosphere.  Under  normal  ionospneric 
conditions,  these  arise  from  a  wide  variety  of  physical  processes,  including,  changes  in 
the  Ionizing  radiation  from  the  sun,  variations  in  the  concentrations  of  key  constituents 
in  the  atmosphere,  changing  solar  zenith  angle  conditions,  solar-cycle  effects,  and  the 
varying  influence  of  additional  ionization  mechanisms  such  as  cosmic  rays  and  meteor 
showers.  Such  effects  produce  short-term,  diurnal,  seasonal,  latitudinal  and  solar-cycle 
variations  in  the  propagation  characteristics  of  VLF/LF  waves.  In  addition,  relatively 
large  VLF/LF  propagation  effects  accompany  ionospheric  disturbances,  including  those 
associated  with  magnetic  storms,  aurora,  solar  x-ray  flares,  high  energy  electron 
precipitation  events,  and  solar  particle  events. 

Descriptions  and  examples  of  VLF/LF  propagation  effects  produced  by  the  physical 
processes  and  phenomena  outlined  above  can  be  found  in  a  number  of  references,  IncLuding 
Belrose  (1982),  Davies  (1965),  Watt  (1967),  and  Dolukhanov  (1971).  For  the  most  part, 
the  VLF/LF  observations  of  variability  and  structure  in  the  lower  ionosphere  have  been 
characterized  in  terms  of  amplitude  and  phase  changes  of  continuous  wave  (CW)  signals, 
propagating  over  long  (megameters)  paths.  The  technique  has  proven  to  be  a  very 
sensitive  one  to  changes  in  the  lower  ionosphere  and  provides  a  relatively  simple  means 
to  monitor  very  large  geographical  areas  with  only  a  few  observation  sites.  The 
technique,  however,  suffers  in  that  the  observations  tend  to  represent  an  average  of  the 
state  of  the  lowest  regions  of  the  ionosphere  over  the  length  jf  the  propagation  path. 
Thus,  VLF/LF  propagation  effects  produced  by  relatively  localized  variations  In  the  state 
of  the  lower  ionosphere  are  integrated,  or  smoot hed-out ,  making  It  very  difficult  to  use 
the  observations  to  quantify  the  ionospheric  changes  that  produced  them.  This  is  usually 
true  even  in  the  case  of  severe  ionospheric  disturbances  such  as  those  accompanying  large 
solar  x-ray  flares  or  solar  particle  (proton)  precipitation  events.  Nevertheless,  long 
path  VLF/LF  observations  often  cannot  be  explained  using  simple  (usually  exponential) 
electron  density  models  of  the  lower  ionosphere  that  have  little  or  no  structure. 

Short  path  ( s tee p- inc l d en ce)  VLF/LF  observations  provide  data  on  localized  regions 
of  the  ionosphere,  and  exhibit  features  that  more  easily  can  be  related  to  structural 


12-2 


features  in  the  electron  densities  of  the  lower  ionosphere.  For  example,  short-path 
observations  of  16  kHz  signals  were  used  by  Bracewell  and  Bain  (1952)  to  first  suggest 
the  presence  of  two  ionized  layers  well  below  the  ionospheric  E-region.  Subsequent 
research  suggest  that  the  lower  of  the  two  layers  may  be  produced  by  cosmic  rays, 
although  the  full  characterization  of  this  "C-layer"  remains  the  subject  of  ongoing 
research  and  even  some  controversy,  as  discussed  later.  Phase  and  amplitude  variations 
can  be  used  to  characterize  steep-incidence  VLF/LF  observations  of  structure  in  the  lower 
ionosphere.  Of  particular  interest  in  this  regard  is  the  use  of  the  data  to  determine 
effective  plane  wave  reflection  coefficients  of  the  ionosphere  (Bracewell  et  al. ,  1951, 
Lewis  et  al.,  1973).  since  the  manner  in  which  the  magnitudes  of  those  coefficients  vary, 
over  a  broad  frequency  range,  can  reveal  significant  structural  features  in  the  lower 
ionosphere.  In  addition,  the  experimental  data  can  be  compared  directly  with  that 
obtained  theoretically,  using  full-wave  computational  techniques  in  conjunction  with 
electron  density  and  collision  frequency  models  of  the  ionosphere  (inoue  and  Horowitz, 
1968).  Thus,  the  VLF/LF  reflection  data  can  be  used  to  develop  phenomenological  models 
of  the  lower  ionosphere  and  to  validate  theoretical  models,  derived  from  consideration  of 
the  chemical  and  physical  processes  that  occur  in  the  upper  atmosphere. 

3.  SHORT  PULSE  VLF/LF  OBSERVATIONS  OF  THE  LOWER  IONOSPHERE 

3.1.  VLF/LF  Pulse  lonosoundlng  Technique 

Figure  1  illustrates  a  high-resolution  pulse  lonosounder,  developed  by  tie  u.  S.  Air 
Force  Geophysics  Laboratory,  which  has  been  used  to  obtain  a  variety  of  VLF/LF  steep- 
incidence  ionospheric  reflection  data.  Details  of  the  lonosoundlng  technique  are  given 
in  a  number  of  papers  describing  its  use  in  experiments  conducted  ?*  low-,  mid-,  and  nigh 
geomagnetic  latitudes  (Rasmussen  et  al.,  1975;  Lewis  et  al.,  op  cit.;  and,  Kossey  et  al., 
1983,  respectively).  The  key  feature  of  the  technique  is  the  transmission  of  VLF/LF 
pulses  so  short  that,  even  at  receiving  locations  a  few  hundred  kilometers  away, 
reflections  from  the  ionosphere  can  be  observed  free  of  the  ambiguities  of  ground  wave 
and  sky  wave  interference,  which  are  characteristic  of  short-path  CW  mejs-rera^nts.  The 
approach  provides  a  relatively  direct  means  of  observing  variations  in  the  state  of  the 
lower  ionosphere.  The  transmitted  pulses  are  vertically  polarized,  but  because  of  the 
effects  of  the  geomagnetic  field  the  reflected  sky  waves  are  eluptically  polarized. 
Separate  loop  antennas  are  used  to  sense  the  "normal"  (  II  -)  and  "converted"  (  J.  -  ) 
components  of  the  downcoming  sky  waves.  Figure  1b  gives  typical  examples  of  ground  wave 
and  sky  wave  puls-u  observed  with  the  system,  and  Figure  1c  shows  the  Fourier  spectrum  of 
a  transmitted  pulse  to  illustrate  the  wide  range  of  VLF/LF  frequencies  that  are  available 
simultaneously  to  probe  the  lower  ionosphere.  As  described  by  Lewis  et  al.  (op.  cit.), 
after  Fourier  analyses  of  the  received  pulses,  the  group  delays  between  the  sky  waves  and 
the  ground  wave  can  be  used  to  determine  effective  heights  of  the  ionosphere;  and,  the 
relative  amplitudes  of  the  sky  wave  and  ground  wave  frequency  components  can  be  used  to 
determine  the  normal  (hR»)  and  converted  (uRjl)  reflection  coefficients  of  the  ionosphere 
(Bracewell  et  al . ,  op  cit.). 

3.2.  Observations  of  Short  Term  and  Diurnal  Variations  in  the  Lower  Ionosphere 

Structure  and  variability  in  the  lower  ionosphere  can  readily  be  inferred  from 
inspection  of  time-domain  data.  For  example,  the  data  of  Figure  2  are  typical  of  that 
observed  under  ambient  conditions  at  m  1  d- geomagne t i c  latitudes.  Shown  are  ground  wave 
and  sky  wave  pulses  for  selected  times  throughout  a  single  day,  as  observed  over  a  166  km 
path.  In  Figure  2a,  observed  100  minutes  before  local  noon,  the  ground  wave  occupies  the 
first  MO  /isec,  and  following  a  blank  interval  the  sky  wave  onset  occurs  at  about  160 
psecs,  corresponding,  approximately,  to  an  effective  height  of  reflection  of  67  km. 
Figure  2b  shows  a  typical  nighttime  sky  wave,  beginning  at  about  240  psec,  corresponding 
to  a  reflection  height  of  about  85  km.  The  nighttime  amplitude  of  the  sky  wave  is 
considerably  larger  than  in  the  daytime. 

Another  nighttime  example,  observed  4  hours  later  (Figure  2c)  shows  a  sky  wave  of 
almost  twice  the  normal  length,  as  if  there  were  two  reflections  of  nearly  the  same 
amplitude,  one  beginning  at  240  ^jsec  (from  about  85  km)  and  the  other  at  320  psecs  (from 
about  100  km).  When  successive  pulse  reflections  are  compared,  an  "extra"  nighttime  sky 
wave  is  sometimes  seen  to  develop,  descend,  and  merge  with  the  normal  sky  wave  In  such  a 
way  as  to  temporarily  cancel  it  out. 

The  data  of  Figure  2d,  observed  near  sunset,  shows  a  single  sky  wave  that  appears 
inverted  when  compared  with  the  other  examples,  while  the  data  of  Figure  ?e,  observed 
near  sunrise,  shows  an  unusually  weak  sky  wave. 

Occasionally  at  night  a  very  weak  sky  wave  arrives  from  about  the  height  of  the 
daytime  reflections.  In  the  example  of  Figure  2f  such  a  sky  wave  is  seen  arriving  at 
approximately  155  jusecs,  corresponding  to  a  reflection  height  of  65  km,  while  the  main 
sky  wave,  beginning  at  250  pisecs  (85  km  reflection  height)  appears  quite  normal. 

Figure  3  gives  an  example  of  a  three-dimensional  presentation  of  VLF/LF  pulse 
reflection  data  that  is  useful  for  inferring  changes  in  the  electron  densities  and 
structure  In  the  lower  ionosphere.  Shown  are  data  acquired  over  a  246  km  path  in 
southeast  Brazil  (27  degrees,  S  latitude),  consisting  of  waveforms  stacked  one  behind  the 
other  in  linear  time  progression  from  bottom- to- top  for  a  4-day  period.  For  the  display 
each  waveform  is  a  15-mlnute  average  of  approxl ma te ly  325,000  pulses.  The  horizontal 
scale  is  linear  in  time  (in  microseconds),  measured  from  the  start  of  the  ground  wave. 
The  waveforms  represent  the  instantaneous  wave  amplitudes  of  the  ground  wave  and  normal 
(  II  -  )  sky  wave  as  a  function  of  time. 

The  most  obvious  variations  seen  in  the  data  of  Figure  3  are  those  due  to  the 
changing  solar  illumination  conditions.  At  night  the  ionospheric  reflections  are 
relatively  strong,  and  come  from  an  effective  height  of  about  86  km.  The  lowering  of  the 


effective  height  of  the  ionosphere  to  about  69  km  at  noon,  in  response  to  changing  aoiar 
zenith  angle  conditions,  is  clearly  seen  in  the  data.  In  addition,  the  magnitudes  of  the 
daytime  reflections  are  appreciably  less  than  those  at  night,  indicating  substantial 
diurnal  vartiatlons  in  tne  effective  conductivity  and/or  structure  in  the  lower 
Ionosphere . 

It  has  been  possible  to  derive  a  phenomenological  model  of  the  electron  densities  in 
the  lower  ionosphere  that  produced  the  principal  (86  km)  VLF/LF  pulse  reflections 
observed  at  midnight  in  southeastern  Brazil  over  more  than  a  year's  time  in  1980-1981. 
The  model  is  an  exponential  one,  cha racter i z ed  by  a  Ji  s  0.8  km-1,  h  =  83  km,  in  the 
notation  of  Wait  and  Spies  (1964).  Theoretical  values  of  reflection  heights  and  plane 
wave  reflection  coefficients  calculated  with  it  agree  very  closely  with  those  obtained 
experimentally  across  the  15-68  kH2  band. 

Closer  inspection  of  the  data  (see  circled  areas)  in  Figure  3  reveals,  however, 
structure  in  the  nighttime  ionosphere  that  cannot  be  accounted  for  by  such  a  simple 
model.  For  example  weak,  moving,  reflections  can  be  seen  coming  from  regions  well  above 
the  85  km  altitude  of  the  principal  reflections.  The  reflections  tend  to  begin  at  about 
115  km  and,  in  most  cases,  drift  downward  over  a  period  of  6-8  hours  before  disappearing 
during  the  sunrise  transition  period.  Sometimes,  however,  the  reflections  begin  to  drift 
upward  again,  about  two  hours  before  sunrise,  as  Indicated  in  the  Figure.  Based  on  a 
very  limited  analysis  of  the  data  that  has  been  done,  the  reflections  appear  to  be  best 
defined  during  the  spring  and  fall  months. 

Detailed  analysis  of  the  daytime  data  also  reveals  VLF/LF  reflection  properties  that 
cannot  be  accounted  for  by  simple  electron  density  models  of  the  lower  ionosphere  tha t 
have  no  structure.  Some  evidence  of  3uch  structure  can  be  seen  by  close  inspection  of 
the  daytime  pulse  reflections  (e.g.,  within  the  square  in  Figure  3).  which  on  certain 
days  shows  weak,  relatively  stationary,  reflections  that  persist  throughout  the  daylight 
hours  followed  by  stronger  reflections  whose  times-of -arri val  vary  in  accordance  with  the 
changing  solar  zenith  angle.  The  effects  of  ionospheric  structure  on  the  VLF/LF 
reflection  properties  of  the  lower  ionosphere  are  more  easily  seen  when  the  data  are 
analyzed  to  determine  effective  plane  wave  reflection  coefficients,  as  illustrated  by 
data  of  Figure  4.  Shown  are  noon  reflection  coefficients  plotted  over  the  15-68  kHz 
band,  derived  from  data  obtained  over  a  215  km  path  in  southeast  Brazil.  Data  from  only 
eleven  days  of  observation  are  shown,  but  it  is  typical  of  that  obtained  over  more  than  a 
year's  time  in  1980-1981.  In  general,  those  data  were  characterized  by  a  relative 
minimum  in  the  magnitudes  of  the  reflection  coefficients,  as  the  frequency  varied  over 
the  15-68  kHz  band.  In  the  data  of  Figure  4,  for  example,  the  reflection  coefficients 
decreased  mon 1  ton  leal ly  over  the  15-50  kHz  range,  reached  a  minimum  near  53  kHz,  and  then 
increased  somewhat  over  the  53-66  kHz  range.  Experience  with  the  VLF/LF  sounding 
technique  has  shown  that  such  a  behavior  is  clear  indication  of  interference  phenomena 
produced  by  partial  reflections  from  two  layers  or  a  sharp  gradient  of  ionization  in  the 
lower  ionosphere.  Further,  the  frequency  at  which  the  minimum  occurs  can  be  used  to 
estimate  the  difference  in  heights  of  the  two  layers  that  produced  the  interference 
pattern,  when  the  geometry  of  the  sounding  experiment  is  taken  Into  account  (Kossey  and 
Lewis,  1981).  The  spread  in  the  data  or  Figure  4  indicates  that,  although  the 
interference  patterns  were  present  throughout  the  period  of  the  observations,  the 
structure  in  the  lower  ionosphere  that  produced  them  varied  somewhat  from  day-to-day. 

It  is  interesting  to  note  that  when  the  noontime  data  acquired  in  Brazil  during 
1980-81  were  restricted  to  below  50  kHz,  an  exponential  model  (JL  =  0.43  km-l ,  h  =  70  Km) 
of  the  lower  ionosphere  was  round  that  gave  very  good  agreement  between  theoretical  and 
experimental  results.  This  indicates  the  importance  of  having  as  broad  a  range  of 
frequencies  as  possible  when  employing  VLF/LF  techniques  to  probe  the  lower  ionosphere. 

The  question  arises  as  to  what  physical  processes  produce  persistent  structure  In 
the  lower  daytime  ionosphere.  One,  somewhat  controversial,  candidate  Is  discussed  below 
and  involves  the  combined  effects  of  cosmic  rays  and  solar  illumination  or.  the  lowest 
regions  of  the  daytime  ionosphere  to  produce  a  layer  of  ionization  below  the  classical  D 
region;  the  C  layer. 

3.3.  VLF/LF  Pulse  Obse rvat i one  of  the  C  Layer  of  the  Lower  Ionosphere 

Figure  5  gives  VLF/LF  pulse  reflection  data  which  indicate  more  clearly  the  presence 
of  a  daytime  reflecting  layer  below  the  classical  D  region.  The  data  were  acquired  over 
a  263  km,  mid-latitude  path  in  winter,  near  a  minimum  in  the  solar  cycle. 

The  nighttime  portion  of  Figure  5a,  from  0400  to  1200  UT  and  from  2200  to  0400  UT, 
show  reflections  beginning  at  about  160  /Jseos  after  the  start  of  the  ground  wave, 
corresponding  to  effective  reflection  heights  of  about  82  km.  The  daytime  portion  of 
Figure  5a  shows  weaker  reflections  of  a  relatively  complicated  nature.  To  better 
understand  them,  Figure  5b  shows  a  number  of  waveforms  selected  from  Figure  5a  in  the 
period  from  1  1  30  to  2330  UT.  Inspection  of  Figure  5b  reveals  that  each  daytime 
reflection  consisted  of  two  basic  pulses  that  were  slightly  overlapping.  The  earlier 
pulse  was  nearly  stationary  throughout  the  daytime,  but  the  later  one  had  a  varying 
delay,  which  caused  the  overlap  to  be  greatest  near  local  noon  and  least  near  sunrise  and 
sunset.  At  1230  UT ,  when  the  solar  zenith  angle  at  the  mid-point  of  the  path  was  about 
91  degrees,  the  later  pulse  was  especially  weak,  leaving  only  the  earlier  one;  but,  at 
1  330  UT,  when  the  solar  zenith  angle  was  82  degrees,  the  two  pulses  were  merging.  A3 
described  by  Rasmussen  et  al.  (1980),  the  effective  heights  of  the  later,  higher 
altitude,  pulse  reflections  seen  throughout  the  daytime  were  in  general  agreement  with  a 
In  secJX  rule,  following  classical  Chapman  theory  for  the  formation  of  the  lower 
i  onosph  er e . 

It  Is  believed  that  the  Ionization  responsible  for  the  earlier  reflections  was 
caused  by  cosmic  rays  and  photodetachment,  a  mechanism  proposed  previously  by  other 
writers  in  connection  with  the  C-layer  of  the  ionosphere.  In  an  analysis  by  Bain  and 
Kossey  (1987)  a  phenomenological  model  of  the  ionization  that  produced  the  early 


reflections  of  Figure  5  was  found  consisting  of  a  6  km  thick  slab  having  a  uniform 
conductivity  of  about  1.5  x  10-7  S/m,  extending  from  60  to  66  km  altitude.  With  thi3 
conductivity  and  an  assumed  nominal  collision  frequency  of  about  2  x  10-7  s-1,  the 
electron  density  associated  with  the  layer  13  about  100  cm-3.  However,  it  should  be 
noted  that  this  result  was  derived  using  data  from  a  single  day  of  observation,  when  the 
reflections  from  an  apparent  C-layer  were  especially  strong  and  easily  resolved  from 
those  associated  with  the  classical  D-region.  Subsequent  work  by  Rasmussen  et  al.  (1982) 
Indicates  substantial  day-to-day,  seasonal,  latitudinal  and  solar  cycle  variations  in  the 
nature  of  the  daytime  reflections  observed  with  the  VLF/LF  ionosounder.  For  example, 
their  data  indicate  that  C-layer  effects  are  weakest  in  the  summe.'  and  strongest  in  the 
winter.  In  addition,  the  effects  are  very  weak  at  low  geomagnetic  latitudes,  in 
accordance  with  the  expectation  that  the  nearly  horizontal  geomagnetic  deflects  the 
incoming  cosmic  rays  and  prevents  them  from  entering  deeply  into  the  earth'3  atmosphere. 
Finally,  the  data  indicate  that  the  cosmic  ray  effects  are  weakest  near  the  maximum  of 
the  solar  cycle,  presumably  due  to  the  effects  of  the  solar  wind  which  are  (inversely) 
strongest  during  that  period. 

Consideration  of  the  effects  of  C-layers  on  ELF/VLF/LF  propagation  by  Field  and 
Lewinstein  (1978)  has  produced  some  interesting  results.  They  show  calculated  ELF/VLF/LF 
field  strengths  using  daytime  models  of  the  lower  ionosphere  with,  and  without,  a  C-layer 
(given  in  Bain,  1974)  to  examine  the  effect  of  the  layer  on  long  range  propagation .  The 
model  ionospheres  used  in  their  calculations  are  shown  in  Figure  6a,  and  the  effects  or 
the  assumed  layer  on  VLF/LF  propagation  for  20  kHz  are  illustrated  in  Figure  6b,  and  for 
35  kHz  in  Figure  6c.  The  effects  of  the  C  layer  on  ELF  propagation  were  very  small, 
being  less  than  2  dB  between  the  models,  even  out  to  distances  in  excess  of  10  Mm.  At  20 
kH?  the  spread  in  calculated  field  strengths  between  the  models  was  significantly  larger, 
approaching  a  factor  of  four,  or  12  dB,  at  great  distances  as  shown  in  Figure  6b.  At  35 
kHz,  the  spread  was  considerably  larger  (Figure  6c),  approaching  a  factor  of  almost 
forty,  or  30  88,  at  the  longer  ranges.  For  the  calculations  it  was  assumed  that  the  c 
layer  was  present  over  the  entire  path,  and  hence,  the  results  most  likely  represent 
extreme  cases.  However,  the  calculations  indicate  that  the  C  layer  acts  as  an  absorber 
of  energy  in  long  wave  propagation,  and  that  those  effects  should  be  most  noticeable  on 
long  path  LF  signals,  rather  than  on  ELF/VLF  signals. 

The  characterization  of  the  C  layer  and  its  effects  on  radio  wave  propagation 
remains  a  subject  of  ongoing  research  and  even  some  controversy.  In  early  theoretical 
work  Nlcolet  (1958)  proposed  a  low  altitude  layer  of  daytime  ionization  due  to  the 
combined  action  of  cosmic  rays  and  solar  radiation.  During  the  night  the  electrons 
produced  by  the  cosmic  rays  rapidly  attach  to  neutral  particles  to  form  negative  ions 
which,  because  of  the  relatively  large  mass,  do  not  respond  significantly  to  VLF/LF  radio 
waves.  However,  under  solar  il lum  ination,  electrons  are  liberated  from  the  negative  ions 
by  photodetachraent  to  produce  an  electron  population  which  does  interact  with  VLF/Lr 
waves.  This  low  altitude  ionization  Is  distinguished  from  that  of  the  classical  D 
region,  which  is  under  close  control  by  solar  zenith  angle  conditions,  as  discussed  above 
in  conjunction  with  Figure  5.  Krasnushkin  (1966)  states  that  the  C  layer  effectively 
controls  the  propagation  of  long  radio  waves,  whereas  Bremer  and  Singer  (1977)  found  no 
need  to  invoke  such  a  layer  to  explain  low-frequency  continuous  wave  propagation.  On  the 
other  hand  Aikin  (  1  962),  Hargreaves  (1962)  and  Abdu  et  al.  (  19  7  3  )  suggest  that  the  c 
layer  is  only  significant  for  short  periods  around  sunrise.  Bain  and  Harrison  (1972) 
have  derived  a  model  of  the  lower  ionosphere  incorporating  a  distinct  C  layer  for  mid¬ 
latitude.  summer  noon,  conditions  during  sunsoot  maximum  periods.  That  layer  is  not 
greatly  unlike  the  model  derived  from  the  data  shown  in  Figure  5,  which  was  for  winter 
noon,  sunspot  minimum  conditions.  Finally,  it  should  be  noted  that  analytic  models  of 
the  C  layer,  based  on  the  known  chemistry  of  the  atmosphere  (e.g.,  Molar,  1960,  and 
Webber,  1962)  show  distributions  of  ionization  that  are  too  thick  to  account  for  most  of 
the  VLF/LF  observations  discussed  above.  Evidently,  the  global  characterization  of  the 
structure  and  variability  of  the  lowest  regions  of  the  daytime  ionosphere  remains  an  area 
requiring  much  further  research. 

3.4.  Observations  of  the  Structure  and  Variability  of  the  Lower  Polar  Ionosphere 
3.4.1  Undisturbed  Ionospheric  Conditions 

The  state  of  the  lower  polar  ionosphere,  even  under  normal  conditions,  depends 
greatly  on  the  unique  solar  illumination  conditions  that  occur  at  high  latitudes.  As  a 
result.  It  is  necessary  to  describe  its  VLF/LF  reflection  properties  for  three  different 
conditions:  (1)  day/night,  corresponding  to  periods  of  the  year  when  the  sun  is  above 
and  below  the  horizon  for  substantial  portions  of  each  day,  such  as  during  March  and 
September;  (2)  night,  corresponding  to  periods  when  the  sun  is  always  below  the  horizon, 
such  as  in  December;  and,  (3)  day,  for  periods  when  the  sun  is  always  above  the  horizon, 
such  a3  in  June.  Typical  VLF  pulse  reflection  data  received  over  a  1  0 6  km  path  in 
northern  Greenland  (Kossey  et  al .  ,  1983)  under  those  illumination  conditions  are  given  in 
Figure  7. 

For  example,  in  September,  when  the  sun  was  above  and  below  the  horizon  for  about 
equal  periods  each  day  (Figure  7a),  the  sky  waves  were  much  stronger  at  midnight  (0400 
UT)  than  at  local  noon  (1600  UT).  Also,  over  the  same  period  the  pulses  were  reflected 
from  effective  heights  that  ranged  from  about  90  km  at  midnight  down  to  about  78  km  at 
noon.  The  variations  closely  followed  the  changing  solar  illumination  conditions. 

In  December,  when  the  sun  was  always  below  the  horizon,  very  little  structure  or 
variability  were  seen  in  the  data  (Figure  7b).  The  sky  waves  were  reflected  from  an 
effective  height  of  about  86  km  and  remained  relatively  3trong  throughout  each  day. 

In  June  (Figure  7c)  the  sun  was  continuously  above  the  horizon.  Nevertheless,  the 
reflection  heights  varied  from  about  88  km  at  midnight  down  to  about  78  km  at  noon. 
These  diurnal  variations  indicate  that  the  ionizing  effects  of  the  Lyman  alpha  radiation 


responsible  for  the  D  region  depended  strongly  on  the  solar  zenith  angle,  even  for  angles 
considerably  less  than  90  degrees-  Also,  the  June  sky  waves  were  considerably  weaker 
than  at  any  other  time  during  the  year.  This  suggests  that  there  was  an  absorbing  region 
of  ionization  well  below  the  altitudes  where  the  VLF  pulses  were  reflected. 

The  midnight  reflection  heights  in  June,  when  the  sun  was  always  above  the  horizon, 
were  actually  higher  than  those  for  the  months  when  the  sun  was  oelow  the  horizon. 
Further,  the  midnight  reflection  heights  in  December  were  consistently  lower  than  those 
at  any  other  time  of  the  year.  It  is  believed  that  the  reason  for  this  is  that  a  given 
electron  production  rate  in  the  ionosphere  occurs  at  a  given  pressure  level,  and  that 
those  pressure  levels  are  at  their  lowest  altitudes  in  winter  (J.  S.  Belrose,  personal 
communication,  1981). 

Figures  8  and  9  summarize  VLF  reflection  parameters  derived  from  a  large  volume  of 
data  obtained  over  the  same  propagation  path  between  1976  and  1980.  The  data  are 
Indicative  of  substantial  day-to-day,  seasonal,  and  solar  cycle  variations  in  state  of 
the  lower  polar  ionosphere,  under  quiet,  or  undisturbed  conditions.  Figure  8  gives  a 
compilation  of  data  obtained  at  local  midnight  in  1976,  near  a  minimum  of  the  solar 
cycle,  and  in  1980,  near  a  maximum  of  the  solar  cycle.  Shown  are  averages  of  the  normal 
reflection  coefficients  and  effective  heights  of  reflection  over  the  6-28  kHz  band  for 
the  months  of  December,  March,  and  June,  and  the  standard  deviations  (or  spreads) 
associated  with  the  data.  Figure  9  give3  similar  data,  derived  from  noon  data  during  the 
same  periods.  The  corresponding  data  for  the  period  1977-1979  are  not  shown,  but  those 
data  fit  well  within  the  bounds  of  the  data  shown  in  Figures  8  and  9. 

The  midnight  reflection  properties  of  the  polar  ionosphere  in  December  and  March 
(Figure  8)  were  very  similar  and  did  not  change  appreciably  over  the  1976-1980  per.od. 
In  June,  however,  the  standard  deviations  associated  with  the  reflection  data  became  much 
larger,  as  the  solar  activity  increased  from  19  76  to  1980.  Nevertheless,  it  is  not 
certain  from  these  data  alone,  that  this  difference  in  the  data  is  indicative  of  a 
possible  solar  cycle  effect,  since  the  1976  and  1980  data  overlap  to  a  great  extent. 

The  corresponding  data  for  noon  (Figure  9)  indicate  little  differences  In  the 
December  reflection  data  over  the  1976-1980  period.  In  March  and  June,  however,  there 
were  significant  variations.  Specifically,  the  magnitudes  of  the  reflection  coefficients 
Increased  appreciably  from  1976  to  1980,  while  the  standard  deviations  decreased 
substantially.  These  features,  along  with  the  fact  that  the  effective  heights  of 
reflection  did  not  change  appreciably,  suggest  that  the  lower  polar  ionosphere  became 
more  densely  Ionized  and  effectively  more  sharply  bounded,  as  the  solar  activity 
Increased. 

Figure  10  gives  ( phenomenol og i cal )  electron  density  profiles  derived  from  the  data 
summarized  in  Figures  8  and  9  (Kossey  et  al.,  1983).  The  electron  density  model  derived 
from  the  December  data  varies  exponentially  with  altitude  (v&  =  0.65  km-! ,  h  =  82  <m). 
The  model  is  appropriate  for  the  1976-1980  period.  For  the  June  data,  however,  separate 
electron  density  models  were  required  for  the  1976  and  1980  data,  since  those  data 
indicate  appreciable  differences  in  the  nature  of  the  lower  polar  ionosphere  as  the  solar 
activity  increased.  The  model  developed  from  the  1976  data  (near  solar  minimum)  exhibits 
a  broad  layer  of  relatively  weak  ionization  in  the  70-80  km  altitude  range,  and  has 
smaller  electron  densities  than  the  model  derived  from  the  1980  data,  which  varies 
exponentially  with  altitude  =  0.3  km-1 ,  h  =  73  km).  Because  of  the  very  large  day-to- 
day  variations  in  the  apparent  state  of  th®  lower  daytime  ionosphere  in  March  and 
September  (near  the  equinoxes),  it  was  not  possible  to  derive  simple  ionospheric  electron 
density  profiles  to  characterize  those  periods.  The  large  variations  were  due  to  the 
effects  of  the  solar  zenith  angle  conditions,  which  vary  widely  and  change  rapidly  from 
day-to-day  at  high  latitudes  during  the  periods  immediately  preceding  and  following  the 
equinoxes. 

3.^.2  Disturbed  Ionospheric  Conditions 

There  were  29  long-lasting  ionospheric  disturbances  observed  over  the  T  976- 1 980 
period  in  northern  Greenland,  caused  by  the  precipitation  of  solar  protons  into  the  lower 
polar  ionosphere  following  certain  large  solar  x-ray  flares.  Although  many  of  these 
solar  particle  events  (SPE's)  were  not  accompanied  by  significant  increases  in  the 
absorption  of  high-frequency  waves,  all  of  them  produced  significant  changes  in  the  VLF 
reflection  properties  of  the  lower  ionosphere.  The  effects  were  dynamic  and  often  lasted 
for  many  days,  indicating  that  the  structure  of  the  lower  ionosphere  varied  considerably 
throughout  those  periods.  As  illustrated  in  Figure  11,  the  state  of  the  lower  ionosphere 
during  energetic  particle  events  depends  greatly  on  the  solar  illumination  conditions. 

Figure  11a  shows  the  effects  of  a  very  strong  SPE  (10-dB  riometer  absorption)  that 
occurred  in  September  1978.  Under  quiet  conditions  (see  lower  portion  of  the  data 
display)  the  sky  waves  at  local  midnight  were  much  stronger  than  at  local  noon,  and  the 
effective  heights  of  reflection  varied  from  about  92  km  to  82  km  over  the  same  period. 
The  effects  of  the  SPE  are  seen  very  dramatically  In  the  data.  Shortly  after  the  onset, 
the  effective  height  of  the  ionosphere  dropped  by  more  than  30  km,  to  an  altitude  below 
50  km.  The  effects  of  the  disturbance  lasted  for  eight  days,  and  there  were  considerable 
diurnal  and  day-to-day  variations  in  the  ionospheric  reflections  ’’hroughout  that  period. 

The  June  data  (Figure  11b)  illustrate  the  nature  of  the  VLF  reflections  for  a  SPE 
that  occurred  when  the  sun  was  continuously  above  the  horizon.  During  quiet  conditions 
the  sky  waves  were  relatively  weak,  and  the  heights  of  reflection  varied  from  about  88  km 
at  midnight  down  to  about  75  km  at  noon.  Even  though  the  sun  was  continuously  above  the 
horizon,  the  sky  waves  had  diurnal  variations  which  closely  followed  the  changing  solar 
zenith  angle.  The  effects  of  a  SPE  (6-dB  riometer  absorption)  are  also  seen  clearly  in 
the  data.  The  effective  height  of  reflection  was  lowered  by  more  than  15  km,  to  below  60 
km,  after  which  there  were  no  discernible  diurnal  variations  in  the  sky  wave  reflections 
until  the  effects  of  the  disturbance  were  over,  more  than  a  week  later. 


The  February  data  (Figure  11c)  further  illustrate  the  complexity  of  the  Interaction 
between  energetic  particles  and  solar  radiation  and  the  resultant  VLF  reflection 
properties  of  the  disturbed  polar  ionosphere.  During  quiet  conditions  (see  the  early 
portion  of  the  data)  there  were  no  Significant  diurnal  variations  in  the  sky  waves,  3ince 
the  sun  was  essentially  below  the  horizon  all  day.  Shortly  after  the  onset  of  a  strong 
SPE  (6-dB  riometer  absorption),  the  effective  height  of  the  ionosphere  dropped  by  more 
than  28  km,  and  even  at  night  during  the  first  day  of  the  event  it  remained  below  60  km, 
because  of  a  continuing  high  particle  flux  rate.  For  the  next  several  days,  however, 
there  were  large  diurnal  variations  which  were  not  present  before  the  onset  of  the  event. 
The  variations  were  caused  by  a  complex  combination  of  processes,  including  the 
production  of  electrons  by  the  effects  of  the  incoming  particles,  the  attachment  of 
electrons  to  neutral  molecules  to  form  negative  ions  when  the  sun  was  well  below  the 
horizon,  the  freeing  of  attached  electrons  as  the  sun  approached  the  horizon,  and  the 
recombination  of  electrons  with  positive  ions  to  form  neutral  molecules.  Generally, 
however.  It  appears  that  the  diurnal  variations  were  driven  by  attachment  and 
photodetachment  processes,  rather  than  by  photoion i za t i on  by  Lyman  alpha,  the  radiation 
primarily  responsible  for  the  formation  of  the  D  region  under  quiet  ionospheric 
cond  it  ions . 

Figure  12  gives  models  of  the  Ionosphere  derived  from  the  noon  data  of  the  September 
SPE  shown  in  Figure  11a,  obtained  U3lng  a  mathematical  Inversion  technique,  appropriate 
for  Isotropic  propagation,  developed  by  Warren  et  al.  (1981).  In  Figure  12  the  dasned 
curve  gives  an  ionospheric  profile  representative  of  ambient  daytime  polar  conditions 
(Reagan  et  al.,  1981).  It  has  relatively  low  electron  densities  (less  than  a  few  hundred 
electrons  per  cubic  centimeter),  even  for  altitudes  well  above  70  km.  The  profile 
derived  from  the  VLF  data  obtained  at  noon  on  the  first  day  of  the  SPE  (September  23 
profile)  is  dramatically  different.  It  is  very  sharply  bounded  in  the  48-50  km  range  and 
has  a  density  of  a  few  thousand  electrons  per  cubic  centimeter  at  50  km.  The  profile 
derived  for  the  second  day  of  the  event  is  similar,  except  that  it  i3  at  slightly  higher 
altitudes.  The  remaining  profiles  illustrate  the  alow  recovery  of  the  ionosphere  toward 
quiet  conditions,  which  occurred  over  a  period  of  more  than  a  week  (Ko33ey  et  al.,  1983). 
As  illustrated  above,  the  structure  of  the  disturbed  polar  Ionosphere  below  100  km 
undergoes  substantial  changes  over  the  course  of  a  solar  proton  event,  and  each  SPE  has, 
in  effect,  its  own  characteristics  depending  on  its  severity  and  the  solar  illumination 
conditions  that  are  present. 

4.  USE  OF  VLF/LF  PROPAGATION  DATA  TO  CHARACTERIZE  THE  LOWER  IONOSPHERE 

The  Inversion  of  steep-incidence  VLF/LF  reflection  data,  such  as  that  discussed 
above,  to  obtain  electron  density  models  of  the  lower  ionosphere  is  not  an  easy  task. 
Under  quiet  ionospheric  conditions  it  is  especially  difficult,  since  usually,  the 
polarization  rotation  effects  of  the  geomagnetic  field  cannot  be  ignored.  Nevertheless, 
mathematical  approaches  that  employ  full-wave  and  iterative  computational  techniques  have 
been  developed  and  applied  with  some  success  fe.g.,  Shellman,  1970).  Under  disturbed 
conditions  and  certain  daytime  ambient  conditions,  when  the  VLF/LF  reflections  are 
controlled  primarily  by  ionization  below  about  70  km,  the  geomagnetic  field  effects  are 
greatly  diminished  and  the  ionosphere  can  be  considered  to  be  isotropic.  Under  such 
conditions  the  mathematical  inversion  problem  becomes  somewhat  simpler.  Warren  et  al. 
(op  cit.)  have  developed  an  Inversion  technique,  appropriate  for  isotropic  propagation, 
which  has  been  used  to  derive  conductivity  profiles  of  the  severely  disturbed  polar 
ionosphere.  Such  inversion  techniques  require  much  care  and  knowledge  in  their 
application  to  determine  models  of  the  lower  ionosphere;  i.e.,  they  cannot  be  routinely 
used.  In  addition,  a  problem  with  profiles  calculated  by  mathematical  inversion  is  that 
of  nonuniqueness,  which  can  be  caused  by  either  incompleteness  of  data  or  the  nonlinear 
dependence  of  the  reflected  signal  with  the  propagation  medium.  In  addition,  the 
profiles  characterize  narrow  regions  of  the  Ionosphere,  since  the  propagation  data 
contain  information  about  only  those  altitudes  where  the  ionosphere  interacts  appreciably 
with  the  reflected  wave.  For  VLF/LF  that  altitude  range  is  generally  leas  than  about  ten 
kilometers  in  extent. 

The  altitude  constraints  are  even  more  severe  If  long  path  propagation  data  are 
used.  The  data  In  this  case  are  the  attenuation  rates  and  phase  velocities  of 
propagating  waveguide  modes,  and  effectively,  the  analysis  Is  a  tr lal-and-error  technique 
to  find  an  Ionospheric  conductivity  profile  that  provides  a  waveguide  mode  or  wave  hop 
structure  agreeing  with  the  observed  distribution  of  radio  field  strength  (Crain,  1970). 
Although  such  models  may  not  be  consistent  in  many  respects  with  those  derived  from 
detailed  analyses  of  the  aeronomy  of  the  upper  atmosphere,  they  have  found  widespread 
application  in  long  wave  propagation  prediction  codes. 

In  this  regard,  the  electron  density  models  described  by  Morfitt  et  al .  (1982), 
derived  from  analyses  of  a  large  volume  and  a  wide  variety  of  VLF/LF  propagation  data, 
have  found  widespread  use  for  long  path  VLF/LF  propagation  prediction  purposes.  The 
models  are  very  simple,  varying  exponentially  with  altitude.  They  vary  according  to  day 
or  night  conditions,  winter  or  summer  conditions,  and  with  latitude  somewhat.  The 
ionospheric  models  also  depend  on  the  frequency  of  the  waves  to  be  propagated,  which 
clearly  indicates  their  propagation,  rather  than  geophysical,  origins. 

Although  exponential  models  of  the  lower  Ionosphere  are  widely  used  to  estimate 
VLF/LF  propagation  parameters,  they  often  do  not  describe  detailed  features  of  VLF/LF 
experimental  observations,  except  for  certain,  very  specific  propagation  paths.  Usually 
the  ones  from  which  the  propagation  data  came  which  led  to  their  development  In  the  first 
case.  Even  then,  interesting  differences  in  predictions  and  experimental  observations 
occur.  For  example,  some  of  the  models  provide  very  good  estimates  of  nighttime  VLF/LF 
signal  strengths,  for  waves  propagating  to  the  east,  over  water,  at  m  i  d- la t i tudes .  For 
propagation  to  the  west,  however,  results  using  the  same  models  are  much  poorer, 
indicating  that  propagation  to  the  west  may  be  more  sensitive  to  fluctuations  or 
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structure  at  higher  altitudes  in  the  nighttime  ionosphere  than  is  propagation  to  tne  east 
(Pappert  and  Hitney,  1987). 

These  and  other  ionospheric  models  commonly  used  for  VLF/LF  propagation  rad  i  I  on 
purposes  do  not  incorporate  any  structural  features,  such  as  a  C  layer.  Yet  such  a  layer 
may  gr#af'y  Influence  propagation  of  radio  waves  in  tne  higher  »uF  anu  LF  band.  Nor 

do  the  models  account  for  the  effects  of  a  varying  solar  zenith  angle,  which  may  be  large 
tor  long  propagation  paths,  even  under  fully  lit  (daytime)  conditions. 

Similarly,  the  models  do  not  provide  adequate  predictions  of  VLF/LF  signals  in  the 
polar  regions,  which  is  not  surprising  given  the  high  degree  of  variability  associated 
with  the  VLF/LF  reflection  properties  of  the  lower  polar  ionosphere,  even  under  quiet 
conditions,  as  discussed  above  in  conjunction  with  Figures  8  and  9.  For  disturbed  polar 
conditions,  such  as  SPE's,  there  are  no  dynamic  models  of  the  lower  ionosphere  that  can 
be  used  to  adequately  predict  the  performance  of  VLF/LF  systems.  As  discussed  aoove, 
however,  this  too  is  not  surprising  since  the  structure  of  the  lower  polar  ionosphere 
under  disturbed  conditions  varies  so  widely  from  event  to  event,  season  to  season,  and  at 
different  times  throughout  the  event. 

Finally,  there  are  other  well  known  geophysical  events  which  alter  the  structure  of 
the  lower  ionosphere  and  significantly  affect  radio  wave  propagation,  whlcn  are  not 
accounted  for  in  models  of  the  lower  ionosphere.  Solar  x-ray  flares,  for  example,  may 
occur  many  times  during  a  3ingle  day  during  periods  of  high  solar  activity,  and  seriously 
degrade  the  performance  of  a  variety  of  systems  across  the  VL F/LF/HF / VH F  bands.  Yet  the 
effects  of  such  flares  on  the  lower  ionosphere  have  not  yet  been  adequately  characterized 
or  incorporated  into  global,  dynamic,  models  of  the  ionosphere. 

5.  CONCLUSIONS 

In  summary,  there  are  many  geophysical  factors  that  produce  variaoi 1 ity  and 
structure  in  the  ionosphere.  As  a  result  of  ongoing  Intensive  research,  including 
coordinated  worldwide  campaigns,  many  of  these  are  becoming  much  better  understood  and 
quantified.  For  example,  with  the  availability  of  solar  x-ray  and  solar  proton  data  i  ri 
near  real-time,  from  satellite  monitors,  the  possibility  exists  for  exploiting  those 
capabilities  to  develop  dynamic  models  of  the  disturbed  lower  ionosphere  on  a  global 
basis.  Similarly,  data  on  other  geophysical  effects  which  produce  appreciable  changes  in 
the  structure  of  the  lower  ionosphere,  including  cosmic  rays,  high  energy  electron 
precipitation  events,  and  even  meteor  showers  should  eventually  be  included  in  evolving 
global  dynamic  models  of  the  lower  ionosphere. 

There  continues  to  be  fertile  scientific  research  on  characterizing  the  variety  of 
physical  processes  that  occur  in  the  magnetosphere,  ionosphere,  and  the  atmosphere  and 
their  complex  interactions  which  eventually  govern  the  structure  and  variability  of  tne 
electron  and  ion  distributions  In  the  ionosphere.  For  the  most  part  these  activities  are 
directed  to  the  development  of  models  of  the  ionosphere  above  about  100  Km,  perhaps  due 
to  the  wider  use  of  communication  and  surveillance  systems  which  are  more  directly 
affected  by  changes  in  the  E -  and  F-regions,  and  to  the  general  Knowledge  that  tne  lower 
ionosphere  is  a  relatively  stable  region.  As  discussed  above,  however,  VLF/LF 
observations  indicate  that  the  ionosphere  below  100  Km  exhibits  substantial  structure  and 
variability,  not  only  during  ionospheric  disturbances,  but  also  under  quiet  conditions. 
Thus,  as  interest  and  progress  grows  in  tne  development  of  global  dynamic  models  of  tne 
ionosphere,  it  is  hoped  that  the  region  below  100  km  remains  an  important  part  of  the 
definition  of  "ionosphere". 
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1.  Example  of  VI.F/LF  pulse  ionosoimde r 
data  in  a  three-dimens  ional  format. 
The  circles  sliow  moving  reflections 
at  high  altitudes  observed  at  night 
tiie  square  indicates  weak  daytime 
reflections  coming  from  below  the 
classical  l>  region. 


Figure  6.  C- layer  effects  on  long  wave  propagation,  (a)  DNA 

daytime  Ionosphere  and  C  layer  model  (Rain,  used 

to  calculate  relative  field  strengths  versus  distance 
for  (b)  20  kHz,  and  (c)  35  kHz. 
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Figure  8.  Summary  of  VLF  reflection  heignts  aeid  reflection 
coefficients  derived  t'-om  pulse  reflection  data 
obtained  at  local  midnight  under  quiet  ionospheric 
conditions  In  1976  and  1980. 
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Figure  9.  Summary  of  VLF  reflection  properties  of  the  quiet 

polar  ionosphere  derived  from  data  obtained  at  local 
noon  in  1976  and  1980. 


Figure  10.  Electron  density  profiles  of  the  quiet  polar 
Ionosphere  derived  from  VLF  reflection  data. 


Figure  11.  VLF  pulse  reflection  data  obtained  during  energetic 
particle  events,  under  different  sclar  illumination 
conditions. 
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Figure  U.  electron  density  profiles  derived  from  VLF  reflect  i< 
data  obtained  at  noon  during  the  September  1978 
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DISCUSSION 


G.Rostoker 

From  the  AFCRL  Handbook,  I  understand  that  the  layer  of  ionization  produced  by  cosmic  rays  is  found  around 
altitudes  of  10-15  km,  with  a  rapid  falioff  in  charge  density  with  increasing  altitude.  1  find  this  hard  to  reconcile  with 
your  C  layer  near  50  km.  Can  you  explain  this  to  me? 

Author’s  Reply 

l  believe  you  are  referring  to  the  fact  that  the  production  rate  of  ion-pairs  by  galactic  cosmic  rays  peaks  in  the  10 
15  km  altitude  range.  The  resultant  free  electron  densities  that  are  produced  at  such  low  altitudes,  however,  are 
negligible,  owing  to  extremely  high  electron-neutral  collision  frequencies.  The  heavy  (negative)  ions  that  are  formed  by 
the  collision  process  do  not  appreciably  affect  the  propagation  of  VLF/LF  waves.  On  the  other  hand^  data  described  in 
this  paper  provide  clear  evidence  that  a  sufficient  number  of  free  electrons  can  be  maintained  at  around  60  km  altitude, 
by  the  combined  action  of  cosmic  rays  and  solar  illumination,  to  produce  observable  effects  on  the  propagation  of  low 
frequency  radio  waves. 
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THE  MIDDLE  AND  HIGH  LATITUDE  IONOSPHERE 
AT  -v  5 SO  km  ALTITUDE 

Y.K.  TULUNAY 


i.T.tf.  IJgak  ve  Uzay  Bilimleri  Fakiiltesi 
Maslak,  Istanbul,  Turkey 


SUMMARY 

Ambient  electron  density  measurements  made  by  the  radio  frequency  capacitance  probe  on  Ariel  4  satel¬ 
lite  have  been  analysed  in  order  to  study  the  structures  present  at  the  satellite  altitudes,  i.e.  between 
^  470  and  *v  600  km,  at  latitudes  poleward  of  .t  50  both  during  winter  and  equinox  ;  data  obtained  on  94 

days  centered  on  the  solstices,  and  March  1972  have  been  used.  The  general  morphology  of  and  the  extreme 
densities,  the  mid-latitude  electron  density  trough,  the  polar  cap  depletions  and  the  electron  density 
enhancements  associated  with  the  cusp  auroral  zone  were  determined  statistically.  Analyses  of  the  solstice 
and  the  equinox  data  acquired  during  quiet  magnetic  conditions  (Kp  S  2+)  show  that  the  Northern  and  South¬ 
ern  Hemisphere  ionospheres  were  significantly  different.  The  global  characteristics  of  the  winter 
solstice  and  Che  equinox  electron  densities  were  similar  although  they  differ  from  each  other  in  fine 
details . 


1 .  INTRODUCTION 

Tulunay  and  Grebowsky  1  and  Tulunay  2  after  analysing  electron  density  data  obtained  by  means 
of  the  Ariel  4  Satellite  during  two  magnetically  quiet  (Kp S 2+)  periods  centered  on  the  Winter 
solstice  and  the  march  1972  equinox  at  high  latitudes  in  both  the  Northern  and  Southern  Hemispheres,  re¬ 
ported  that  the  Northern  and  the  Southern  Hemisphere  winter  and  equinox  ionospheres  were  s igni f icant lv 
different.  The  analysis  technique  used  by  Br inton  ot  al,  3  has  been  adopted  in  both  of  these  studies. 
Ln  this  paper  the  results  of  the  above  mentioned  papers  are  reported  in  order  to  facilitate  a  simultaneous 
comparative  examination  of  the  earth's  ionosphere  at  about  550  km. 


2.  THE  ARIEL  4  SATELLITE  AND  THE  DATA  ANALYSIS  TECHNIQUE 

Ariel  4  was  launched  in  December  1971  into  a  near-circular  orbit  having  an  inclination  of  83';  the 
orbital  period  was  95  min,  with  perigee  ami  apogee  occurring  at  approximately  4 70  and  600  kmt  respectively. 
The  electron  density  data  were  obtained  by  means  of  a  radio-frequency  capacitance  probe  4  and  all  the 
results  used  were  obtained  from  tape-recorded  data;  measurements  of  the  electron  density  were  made  at 
Latituc"  intervals  of  1.9°  r  0.5  at  low  and  middle  latitudes  5  .  The  winter  periods  investigated 

were  from  16  December  1971  to  19  March  1972  for  the  Northern  Hemisphere  and  from  26  April  to  29  July  1972 
for  the  Southern  Hemisphere.  The  equinox  period  investigated  was  from  4  February  1972  to  8  May  1972  tor 
both  the  Northern  and  Southern  Hemispheres.  Ail  the  periods  corresponded  to  magnetically  quiet  periods 
having  the  3-h  planetary  magnetic  activity  index  Kp  v2+. 

The  maximum  and  minimum  electron  densities  at  any  given  location  were  obtained  using  a  technique 
similar  to  that  described  by  3  .  The  electron  densities  observed  by  Ariel  4  ranged  between  about  9>:10- 

and  2x10  cm-'  and  the  actual  values  were  divided  into  the  following  seven  ranges;  (1)  10' -4x10''  , 

(2)  4xl03-8xl03 ,  (3)  8x103-1  .6x10\  (4)  1 .6x10‘t-3.2x10,‘ ,  (5)  3.2xl0“-6.4xl0“ ,  (6)  b.4xl0*-l  .  3xl0:  and 
(7)  greater  than  1.3x10s  cm"’  during  the  solstice  period.  The  electron  densities  observed  by  Ariel 
ranged  between  about  IxlO3  and  3x10s  cm- 3  and  the  actual  values  were  divided  into  the  following  six 
ranges:  (l)  103-8x103,  (2)  8xl03-)  .6x10'’ ,  (?'  1 . 6x  10“ -3 . 2x  1 0“  ,  (4)  3.2x10‘*-6.4x10u  ,  (5)  6.4x10“- 
(.3x10  ,  (6)  greater  than  1.3x10J  cm-)  durirg  the  equinox  period.  The  spatial  locations  of  the  measure¬ 

ments  made  within  each  of  the  electron  density  ranges  were  plotted  on  "maps"  based  on  magnetic  local  time 
and  invariant  magnetic  latitude,  i.e.  in  M.L.T.  -A  space.  By  overlaying  the  plots  corresponding  to  all 
six  electron  density  ranges  in  order  of  decreasing  number  density,  it  is  possible  to  obtain  the  "extreme 
electron  density”  topographical  maps  shown  in  Fig.  1  a  or  Fig.  2a  for  both  hemispheres;  these  maps  show, 
for  any  M.L.T.  -A  location,  the  maximum  electron  density  observed  during  the  94-day  period.  Similarly, 
by  overlaying  the  six  plots  in  order  of  increasing  electron  density,  it  is  possible  to  obtain  topographical 
maps  (Fig.  1  b  or  Fig.  2b  )  which  indicate  the  minimum  electron  density  observed  at  each  M.L.T.  -A  location. 


3.  RESULTS  AND  CONCLUSIONS 

The  main  purpose  of  this  paper  is  to  present  a  comprehensive  topographical  picture  of  the  extreme 
ambient  electron  densities  observed  over  the  high  magnetic  latitudes  at  about  550  km  altitude,  using  a  similar 
approach  to  that  adopted  by  Brinton  et  al .  3  for  the  ion  composition  to  300  km.  Figures  1  a  and  2  a 
show  the  topographical  maps  of  the  Northern  Hemisphere  and  Southern  Hemisphere  electron  densities  indicating 
the  maximum  electron  densities  measured  when  Kp <  2+  at  all  M.L.T.  -A  locations  during  the  relevant  94-day 
winter  solstice  and  March  equinox  periods  respectively.  Figures  1  b  and  2  b  are  the  topographical  maps 
of  the  Northern  Hemisphere  and  the  Southern  Hemisphere  electron  densities  indicating  the  minimum  electron 
densities  during  quiet  magnetic  conditions  (Kp <  2+)  at  all  M.L.T.  -A  locations  during  the  relevant  94-day 
winter  solstice  and  March  equinox  periods.  The  following  results  and  conclusions  were  reached  concerning 
magnetically  quiet  conditions  (Kp  i  2+)  during  the  1972  winter  solstice  periods  1 


(i)  The  highest  electron  densities  were  observed  in  a  region  that  is  symmetrical  with  respect  to  the 
02-14  M.L.T.  meridian  in  the  Northern  Hemisphere  but  symmetrical  with  respect  to  the  00-12  M.L.T.  meridian 
in  the  Southern  Hemisphere. 

(ii)  Electron  densities  were  generally  smaller  in  the  Southern  Hemisphere  than  in  the  Northern 
Hemisphe re . 

(iii)  The  mid-latitude  trough  is  the  main  structure  at  night  in  both  hemispheres.  In  the  Northern 
Hemisphere  the  low  densities  did  not  persist  into  the  dayside,  but  in  the  Southern  Hemisphere  the  region  of 
reduced  electron  density  extended  almost  throughout  the  day  and  towards  higher  latitudes. 

(iv)  A  polar  cavity  is  observed  in  both  hemispheres. 

(v)  In  the  Southern  Hemisphere  the  highest  winter  electron  densities  observed  (>  1  .3  x  10s  cm-*)  occurred 
only  in  the  dayside  cups  region  whereas  in  the  Northern  Hemisphere  the  maximum  density  region  extended  to  low 
latitudes  in  the  daytime. 

Data  for  the  1972  March  equinox  periods  revealed  the  following  results  and  conclusions  during  quiet 
magnetic  conditions  (Kp  <  2+)  |2-  . 

(i)  The  highest  electron  densities  were  observed  in  a  region  that  is  symmetrical  with  respect  to  the 
02-15  M.L.T.  meridian  in  the  Northern  Hemisphere  but  symmetrical  with  respect  to  the  00-12  M.L.T.  meridian 
in  the  Southern  Hemisphere. 

(ii)  Electron  densities  were  generally  smaller  in  the  Southern  Hemisphere  than  in  the  Northern  Hemi¬ 
sphere.  The  extreme  values  of  the  electron  densities  were  also  observed  in  the  Southern  Hemisphere. 

(iii)  The  mid-latitude  trough  is  the  main  structure  at  night  in  both  hemispheres. 

(iv)  A  polar  cavity  is  observed  in  both  hemispheres. 

(v)  In  the  Southern  Hemisphere  the  highest  winter  electron  densities  observed  (>  1.3x  id5  cm“J) 
occurred  only  in  the  dayside  cusp  region  whereas  in  the  Northern  Hemisphere  the  maximum  density  region 
extended  to  tow  latitudes  between  06  and  (8  M.L.T. 

A  comparison  of  the  winter  solstice  results  with  the  March  equinox  results  revealed  that  electron 
densities  were  smaller  in  the  winter  data  in  both  hemispheres  in  general.  However,  both  sets  of  data 
exhibited  a  similar  pattern  statistically  on  the  M.L.T.  -A  space.  The  results  showed  that  during  quiet 
magnetic  conditions  (Kp  £2+)  the  Northern  and  the  Southern  Hemisphere  winter  and  equinox  ionospheres 
were  significantly  different  ;  in  particular,  the  Southern  Hemisphere  densities  were  lower  than  those  in 
the  Northern  Hemisphere  during  both  94-day  periods. 


NORTHERN  HEMISPHERE 


SOUTHERN  HEMISPHERE 


OMLT  o 

la)  MAXIMUM  ELECTRON  DENSITIES 


Fig.  la  Topographical  "maps"  of  the  Northern  Hemisphere  (left-hand  diagram)  and  the  Southern  Hemisphere 
electron  densities  indicating  the  maximum  electron  densities  measured  when  Kp 2+  at  all  M.L.T.- \ 
locations  during  the  relevant  94-day  solstice  periods. 


NORTHERN  HEMISPHERE  SOUTHERN  HEMISPHERE 


Fig.  lb  Topographical  '’maps”  of  the  Northern  Hemisphere  (left-hand  diagram)  and  the  Southern  Hemisphere 
electron  densities  indicating  the  minimum  electron  densities  measured  when  Kp  i  2+  at  all  M.L.T. - 
locations  during  the  relevant  solstice  periods. 
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to)  MAXIMUM  ELECTION  QENSlTlES 

Fig.  2a  Topographical  "maps"  of  the  Northern  Hemisphere  (left-hand  diagram)  and  the  Southern  Hemisphere 
electron  densities  indicating  the  maximum  electron  densities  measured  when  Kp  S  2+  at  all  M.L.T.- 
locations  during  the  relevant  94-day  equinox  periods. 
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Fig.  2b  Topographical  "maps”  of  the  Northern  Hemisphere  (left-hand  diagram)  and  the  Southern  Hemisphere 
electron  densities  indicating  the  minimum  eLectron  densities  measured  when  Kp  i  2  +  at  all  M.L.T.-A 
locations  during  the  relevant  equinox  periods. 
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DISCUSSION 


T.  Croft 

On  August  15,  1972,  there  was  a  historically  violent  solar  outburst  after  which  there  was  virtually  no  solar  wind  for 
three  days.  Did  you  observe  any  ionospheric  response  to  that  outburst? 

Author’s  Reply 

Unfortunately,  the  experiment  went  off  on  that  occasion.  Therefore,  no  data  were  available. 


P.Vila 

(1)  Your  measurements  with  94  days  for  a  diurnal  LT  cycle  need  correction  if  we  want  to  derive  NmF2  distributions. 
It  would  be  useful  to  take  into  account  the  height  of  measurements  in  order  to  do  this. 

(2)  So  if  you  looked  at  iVmFj  from  ionosonde  data  you  could  re-trace  the  average  profile  down  and  correct  your  set  of 
non  peak  data. 

(3)  Appleton  World  Data  Center  should  help  you! 


Author’s  Reply 

(1) 1  evaluated  the  scale  heights  corresponding  to  the  height-sampling. 

(2)  (  have  no  ground  data. 


K.Bibi 

Could  you  define  the  selection  of  the  minimum  and  maximum  maps? 

Author’s  Reply 

(i)  The  arithmetic  means  of  the  electron  densities  (ED)  obtained  during  2-hr  MLT  intervals  have  been  studied  as  a 
function  of  invariant  magnetic  latitudes,  A. 

(ii)  The  spatial  locations  of  the  measurements  made  within  each  of  the  ED  ranges  (7  in  the  case  of  solstices)  were 
plotted  on  maps  based  on  MLT- A  space. 

(iii)  By  overlaying  the  plots  corresponding  to  all  seven  electron  density  ranges  in  order  of  decreasing  number  density, 
the  maximum  electron  density  topographical  maps  for  both  hemispheres  were  obtained. 

(iv)  Similarly,  by  overlaying  the  plots  corresponding  to  all  seven  electron  density  ranges  in  order  of  increasing  number 
density,  the  minimum  electron  density  topographical  maps  for  both  hemispheres  were  obtained. 
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MODELLING  IONOSPHERIC  DENSITY  STRUCTURES 


R.  W.  Schunk  and  J.  J.  Sojka 


Center  for  Atmospheric  and  Space  Sciences 
Utah  State  University 
Logan,  Utah  84322-4405  USA 


SUMMARY 

Large-scale  density  structures  are  a  common  feature  in  the  high-latitude  ionosphere.  They  have  been  observed  in  the 
dayside  cusp,  polar  cap,  and  nocturnal  auroral  region  over  a  range  of  altitudes,  including  the  E-region,  E-region  and  topside 
ionosphere.  The  origins,  lifetimes  and  transport  characteristics  of  large-scale  density  structures  were  studied  with  the  aid  of 
a  three-dimensional,  time-dependent  ionospheric  model.  The  study  considered  blob  creation  due  to  particle  precipitation, 
the  effect  that  structured  electric  fields  have  on  the  ionosphere,  and  the  lifetimes  and  transport  characteristics  of  density 
structures  for  different  seasonal,  solar  cycle,  and  interplanetary  magnetic  field  (IMF)  conditions.  The  main  conclusions  drawn 
from  the  study  are:  (1)  The  observed  precipitation  energy  fluxes  sre  sufficient  for  blob  creation  if  the  plasma  is  exposed  to  the 
precipitation  for  5-10  minutes;  (2)  Structured  electric  fields  produce  structured  electron  densities,  ion  temperatures,  and  ion 
composition;  (3)  The  lifetime  of  an  F- region  density  structure  depends  on  several  factors,  including  the  initial  location  where 
it  was  formed,  the  magnitude  of  the  perturbation,  season,  solar  cycle  and  IMF:  and  (4)  Depending  *hc  IMF,  horizontal 
plasma  convection  can  cause  an  initial  structure  to  break  up  into  multiple  structures  of  various  size*,  remain  as  a  single 
distorted  structure,  or  become  stretched  into  elongated  segments. 

1.  INTRODUCTION 

During  the  last  decade,  significant  progress  has  been  made  in  understanding  the  formation  and  evolution  of  the  major 
morphological  features  observed  in  the  high  latitude  ionosphere.  This  understanding  has  been  reflected  in  the  ability  of 
the  ionospheric  models  to  successfully  describe  such  features  as  the  mid-latitude  trough,  the  polar  hole,  the  cross-polar  cap 
tongue  of  ionization,  and  the  auroral  ionization  enhancements-  The  ionospheric  models  have  also  been  successful  in  describing 
the  variation  of  these  features  with  'Har  cycle,  season,  and  geomagnetic  activity  {convection  pattern)  and  in  describing  the 
universal  time  (UT)  dependence  of  these  features  that  i  .l«s  from  the  displacement  between  the  geomagnetic  and  geographic- 
poles  [1-11). 

More  recently,  considerable  attention  has  been  directed  towards  studying  the  plasma  density  structures  and  irregularities 
that  have  been  observed  at  high  latitudes  [12-25].  There  are  small-scale  (<  1  km),  medium-scale  (—  10  km),  and  large-scale 
(£  100  km)  density  structures.  These  structures  have  been  observed  in  the  E-region,  /-’-region  and  topside  ionosphere 
throughout  the  polar  region,  including  the  dayside  cusp,  polar  cap,  and  auroral  zone.  The  small-scale  structures  appear  to  be 
produced  within  and  on  the  edges  of  the  larger  structures  through  plasma  instabilities  and  are  typically  referred  to  as  density 
irregularities  [26,  14,  27].  The  medium  and  large-scale  structures  have  been  called  ‘blobs’,  ‘patches',  and  ‘enhancements'. 

Numerous  structuring  mechanisms  have  been  proposed,  including  structured  precipitation,  structured  electric  fields, 
structured  heat  flow,  transport  from  distant  sources,  structured  enhanced  decay,  as  well  as  time  varying  parameters  of  all 
kinds  [25,  12,  21,  18,  14,  24].  Although  all  of  the  proposed  mechanisms  can  produce  irregularities  in  a  qualitative  sense, 
very  little  attention  has  been  given  to  detailed  quantitative  studies  of  irregularity  formation.  However,  it  is  important  to 
understand  irregularity  production  and  transport  mechanisms  because  plasma  enhancements  affect  the  momentum  and  energy 
coupling  between  the  ionosphere  and  thermosphere.  They  also  increase  the  height-integrated  conductivity  and  thereby  affect 
the  electrical  coupling  of  the  ionosphere-magnetosphere  circuit.  Consequently,  we  have  undertaken  a  systematic  quantitative 
study  of  the  origins,  lifetimes,  and  transport  characteristics  of  medium  and  large-scale  density  structures  using  a  time- 
dependent  three-dimensional  ionospheric  model.  The  study  considered  blob  creation  due  to  particle  precipitation,  the  effect 
that  structured  electric  fields  have  on  the  ionosphere,  and  the  lifetimes  and  transport  characteristics  of  plasma  density 
structures  for  different  seasonal,  solar  cycle,  and  interplanetary  magnetic  field  conditions. 

2.  IONOSPHERIC  MODEL 

The  ionospheric  model  was  initially  developed  as  a  mid-latitude,  multi-ion  (NO  +  .  O? ,  N't.  and  ()+)  model  by  [28].  The 
time-dependent  ion  continuity  and  momentum  equations  were  solved  as  a  function  of  altitude  for  a  corotating  plasma  flux 
tube  including  diurnal  variations  and  all  relevant  E  and  F  region  processes.  This  model  was  extended  to  include  high  latitude 
effects  due  to  convection  electric  fields  and  particle  precipitation  by  [29,  30].  A  simplified  ion  energy  equation  was  also  added, 
which  was  based  on  the  assumption  that  local  heating  and  cooling  processes  dominate  (valid  below  500  km).  Flux  tubes  of 
plasma  were  followed  as  they  moved  in  response  to  convection  electric  fields.  A  further  extension  of  the  model  to  include  the 
minor  ions  N+  and  He+,  an  updated  photochemical  scheme,  and  the  MSIS  atmospheric  model  is  described  in  [31]. 

The  addition  of  plasma  convection  and  particle  precipitation  models  is  described  in  [3,  •!].  More  recently,  the  ionospheric 
model  has  been  extended  by  [32]  to  include  ion  thermal  conduction  and  diffusion-thermal  heat  flow,  so  that  the  ion  temperature 
is  now  rigorously  calculated  at  all  altitudes  between  120-1000  km.  The  adopted  ion  energy  equation  and  conductivities  are 
those  given  by  [33].  Also,  the  electron  energy  equation  has  been  included  recently  by  [11]  and  consequently,  the  electron 
temperature  is  now  rigorously  calculated  at  all  altitudes.  The  electron  energy  equation  and  the  heating  and  cooling  rates 
were  taken  from  [34],  and  the  conductivities  were  taken  from  [35].  The  incorporation  of  the  Sterling  et  al.  [36]  equatorial 
ionospheric  model  and  the  various  improvements  to  this  model  are  described  in  [10]. 

In  this  study,  the  emphasis  is  on  ionospheric  structure  at  high  latitudes.  With  the  high  latitude  model,  flux  tubes 
of  plasma  are  followed  as  they  convect  through  a  moving  neutral  atmosphere.  Altitude  profiles  of  the  io  .  and  electron 
temperatures  and  the  NO+,  ,  Nj  ,  N+,  and  0+,  and  He+  densities  are  obtained  by  solving  the  approj.  .ate  continuity, 
momentum,  and  energy  equations  including  all  of  the  high  latitude  processes  thought  to  be  important.  The  equations  are 
typically  solved  over  the  altitude  range  from  120  to  800  km,  with  boundary  conditions  specified  at  the  lower  and  upper  ends 


of  the  flux  tubes.  For  the  densities,  chemical  equilibrium  is  assumed  at  120  km  and  no  escape  flux  is  assumed  at  MOO  km. 
For  the  temperatures,  local  thermal  coupling  is  assumed  at  120  km  and  a  specified  heat  flux  is  assumed  at  800  km.  For  this 
study,  the  electron  and  ion  heat  fluxes  through  the  upper  boundary  were  taken  to  be  zero. 

3.  PARTICLE  PRECIPITATION  IN  THE  DAYSIDE  OVAL 

The  effect  of  particle  precipitation  on  the  polar  cap  ionosphere  was  studied  by  [37].  In  particular,  a  flux  tub**  of  plasma 
was  followed  as  it  convected  across  the  polar  cap  from  the  dayside  to  the  nightside.  For  a  brief  period  of  time  on  the  dayside. 
it  was  subjected  to  enhanced  ionization  owing  to  electron  precipitation  in  the  dayside  oval  and  the  effect  on  the  electron 
density  profile  was  calculated  using  a  time-dependent  ionospheric  model. 

Figure  1  shows  the  four  0+  production  rate  profiles  used  in  the  study.  The  solid  line  is  for  a  hard  auroral  precipitation 
spectrum.  3  he  spectrum  corresponds  to  an  auroral  energy  flux  of  0.02  ergs  cm-*  s-1  sr-1.  Soft,  subkilovolt,  auroral  0* 
production  kb  represented  by  the  !aa!  curve  labelled  1.  This  profile  corresponds  to  eusp  precipitation  and  has  an  associated 
auroral  energy  flux  of  0.20  ergs  cm-2  s-1  sr~*.  The  average  primary  energy  of  the  soft  and  hard  auroral  spectra  are  0.2  and 
2  keV,  respectively.  To  Emulate  the  effect  of  high  altitude  production,  the  peak  of  the  “soft"  0+  production  rate  profile  1 
was  raised  by  100  km  (curve  2),  and  then  by  300  km  (curve  3).  The  latter  case  is  intended  to  represent  a  hypothetical  O'*" 
production  rate  due  to  extremely  high  fluxes  of  very  cold  precipitating  electrons  (~  50  eV). 

Figure  2  shows  part  of  the  selected  flux  tube  trajectory  in  a  magnetic  latitude-  MLT  reference  frame,  from  1200  to  2100 
N1LT.  After  midnight  this  flux  tube  essentially  corotates  back  to  noon.  Between  steps  16  and  20,  the  trajectory  passes  through 
the  region  of  enhanced  auroral  ion  production.  The  lower  part  of  Figure  2  shows  how  the  precipitating  energy  flux  varies 
during  the  auroral  crossing,  which  takes  less  than  10  minutes.  A  Volland  convection  pattern  with  enhanced  flow  in  the  dusk 
sec  tor  and  a  cross-tail  potential  of  62  kV  was  used  to  obtain  the  trajectory  shown  in  Figure  2. 

Table  l.  Selected  Auroral  Production  Models. 


Description  of  Peak  0+  Altitude.  Scaling  Energy  Flux. 


Trajectory 

Precipitation 

km 

Factor  erg  cm-2  s"1  sr  1 

Plotting  Symbol 

1 

none 

0 

2 

hard 

135 

4 

3.7 

3 

soft 

280 

4 

0.8 

4 

raised  soft 

380 

•1 

- 

5 

ultra  soft 

580 

4 

AAAAAAAA 

6 

ultra  soft 

580 

16 

In  Table  1  the  various  auroral  precipitation  spectra  used  for  six  otherwise  identical  trajectory  runs  are  shown.  For  the 
first  trajectory  run,  no  auroral  p:  Hnitatiou  was  included,  and  consequently,  t  his  run  can  be  used  as  a  baseline  against  which 
comparisons  can  be  made.  Trajectory  run*  2  ,.nd  3  correspond  to  the  hard  and  soft  (1)  production  profiles  shown  in  Figure 
1,  which  have  been  scaled  up  to  give  energy  fluxes  of  3.7  and  0.8  ergs  cm-2  s*1  sr“l,  respectively.  Similarly,  trajectory  runs 
•l  and  5  correspond  to  the  soft  (2)  and  (3)  production  profiles  shown  in  Figuie  1  with  the  energy  fluxes  scaled  by  a  factor  of 
1.  The  final  trajectory  run  6  is  identical  to  trajectory  run  5,  except  that  the  energy  flux  be*T  scaled  by  a  further  factor 
of  four.  Also  included  in  Table  1  are  the  altitudes  of  the  peak  0+  production.  Both  the  hard  and  soft  (2  and  3)  spot  tra  have 
production  profiles  with  peaks  below  the  nominal  E-region  peak  (~  350  km).  The  results  of  following  the  trajectory  shown 
in  Figure  2  are  contrasted  for  each  of  the  dayside  auroral  ionization  sources  of  Table  1  in  the  following  paragraphs. 

Figure  3  shows  how  A’m F2  varies  around  the  trajectory  for  the  six  cases.  Prior  to  entering  the  dayside  oval  (step  10). 

the  i\'rn E>  variations  for  the  six  cases  are  the  same.  In  the  arc  (between  steps  16  and  20).  the  .Vm F2  variations  are  different 

because  the  six  flux  tubes  are  subjected  to  different  ionization  sources.  Also,  for  a  short  period  of  time  after  the  flux  tubes 
leave  the  precipitation  region,  the  NmFi  variations  are  different  (between  steps  20  and  30);  this  is  the  time  it  takes  for 
the  flux  tubes  to  adjust  to  the  absence  of  precipitation.  However,  when  the  flux  tubes  are  in  darkness  (steps  30  SO),  the 
SmF 2  variations  are  the  same.  Only  after  the  flux  tubes  enter  sunlight  (step  80)  do  the  .\rm F2  values  merge  together.  This 
indicates  that  any  dayside  enhancement  that  reaches  the  terminator  before  being  destroyed  will  maintain  its  size  relative 
to  the  background  plasma  throughout  the  night.  Likewise,  any  enhancement  created  on  the  nightside  will  be  maintained. 
Only  when  the  enhancement  and  the  background  plasma  enter  a  region  of  strong  uniform  production  will  the  enhancement 
disappear. 

Figure  4  shows  how  hmF>  varies  around  the  trajectory  for  the  six  cases.  The  important  feature  to  note  is  that  only 

in  a  very  restricted  region  are  the  hmFj  values  different  (between  steps  16  and  30).  In  the  arc  (steps  16-20),  the  hm  /•’_> 

variations  are  different  because  the  six  flux  tubes  are  subjected  to  ionization  sources  that  peak  at  different  altitudes.  The 
hard  precipitation  source  produces  a  low  hmh'2  (~  250  km),  while  the  soft  precipitation  sourre  that  peaks  at  high  altitudes 
produces  a  high  500  km).  However,  once  the  flux  tubes  leave  the  precipitation  region.  hmF>  quickly  readjusts  to 

its  nominal  value  determined  by  diffusion  and  induced  vertical  drifts.  By  about  step  25.  which  is  only  25  min  after  the  flux 
tubes  leave  the  auroral  region,  the  hmF2  variations  are  nearly  the  same.  Note  that  beyond  step  30,  the  hmF2  values  are  the 
same  for  all  six  cases  even  though  the  A mF2  values  are  different.  This  indicates  that  outside  the  source  region,  ,\m  Fi  and 
hmF2  are  not  necessarily  related.  Once  an  enhancement  is  created,  temporal  and  spatial  changes  in  the  convection  pattern 
and/or  thermospheric  wind  will  affect  hmFi  even  if  t\m F>  d*  esn’t  change.  Consequently,  the  fact  that  an  enhancement  is 
measured  with  a  high  hmF2  is  not  necessarily  indicative  of  the  source  if  the  enhancement  is  outside  of  the  source  region. 

4.  STRUCTURED  ELECTRIC  FIELDS 

Structured  electric  fields  are  a  common  phenomenon  in  the  polar  cap  when  the  IMF  is  northward  [38  41}.  Those 
structures  are  generally  superimposed  on  a  large-scale  pattern  of  plasma  convection.  The  spatial  scale  of  the  structured 
electric,  fields  ranges  from  1 0's  of  kilometers  to  1000  km.  with  the  average  size  being  a  few  hundred  kilometers.  The  electric 
field  variation  from  the  average  value  ranges  from  a  few  mV/m  to  more  than  100  mV,»n.  The  effect  that  these  structured 


electric  fields  have  on  the  polar  cap  ionosphere  was  studied  by  [42]  using  a  three-dimensional  time- dependent  ionospheric 
model. 

In  order  to  model  a  convection  pattern  with  electric  field  structure  superimposed,  measurements  are  needed  not  only 
along  the  satellite  track,  but  also  in  a  direction  perpendicular  to  the  track  so  that  the  entire  spatial  extent  of  the  structure 
can  be  determined.  Unfortunately,  the  required  data  set  was  not  available  and  the  model  study  [42}  had  to  be  based  on 
a  semi-empirical  description  of  electric  field  structure.  The  structure  was  assumed  to  be  associated  with  a  discrete  current 
system  into  and  out  of  the  polar  ionosphere;  the  currents  sheets  for  each  structure  were  assumed  to  be  sun- aligned  and  had  a 
finite  length.  For  lack  of  measurements,  the  potential  disturbance  associated  with  the  structured  current  sheets  was  assumed 
to  be  a  sun-aligned  Volland  two-cell  pattern  [43],  as  shown  in  Figure  5.  Each  electric  field  structure  was  described  by  one 
such  2-cell  pattern,  but  the  spatial  size  of  the  structure  and  potential  drop  across  it  varied  from  structure  to  structure.  In  the 
model  study,  a  total  ot  4o  structure®  we4e  randomly  distributed  in  the  polar  cap,  and  a  Gaussian  random  number  generator 
was  used  to  select  the  parameters  that  are  needed  to  define  a  single  structure.  In  using  the  random  number  generator, 
the  parameters  were  assumed  to  have  a  Gaussian  distribution  about  a  ‘specified’  mean  value.  Figure  6  shows  the  structure 
distribution  for  tbe  case  where  the  electric  potential  drops  across  the  central  regions  of  the  structures  have  a  mean  value  of 
12  kV  and  a  Gaussian  half-width  of  4  kV. 

The  structured  potential  distribution  shown  in  Figure  6  was  added  to  a  standard,  large-scale  Volland  potential  distribu¬ 
tion,  which  was  used  to  simulate  the  background  convection  pattern.  This  background  pattern  was  taken  to  be  a  symmetric 
two- cell  pattern  with  a  cross  polar  cap  potential  drop  of  60  kV.  In  the  model  study,  8  representative  convection  trajectories 
were  selected  and  flux  tubes  of  plasma  were  followed  as  they  convected  along  these  trajectories  across  the  polar  cap  in  an 
antisunward  direction.  The  calculations  were  done  both  with  and  without  the  electric  field  structure.  The  top  panel  of  Figure 
7  shows  the  trajectories  for  the  unperturbed  or  background  convection  pattern,  while  the  bottom  panel  shows  the  resulting 
trajectories  when  the  structured  electric  fields  are  superimposed  on  the  background  pattern.  The  electric  fields  that  would 
be  measured  by  a  satellite  crossing  these  convection  patterns  along  the  dusk-dawn  magnetic  meridian  are  shown  in  Figure  8. 
The  top  panel  shows  the  electric  field  signature  of  a  classical  two-cell  convection  pattern,  while  the  bottom  panel  shows  the 
kind  of  structure  that  is  frequently  observed  when  the  IMF  is  northward. 

In  the  calculations,  the  trajectories  were  all  started  from  daytime  steady  state  conditions  at  the  locations  marked  by  the 
dot  in  Figure  7,  and  the  response  of  the  plasma  was  calculated  as  the  flux  tubes  followed  their  convection  paths.  Figure  9 
shows  how  NmF'z  varies  along  each  trajectory  for  both  the  unperturbed  (top  panel)  and  structured  (bottom  panel)  convection 
patterns.  Note  that  the  densities  are  plotted  versus  the  trajectory  ar-axis  (see  Figure  5).  For  the  unperturbed  pattern,  the 
plasma  following  the  8  trajectories  convects  across  the  polar  cap  and  eventually  rnto  darkness,  during  which  tune  /V'm/*2 
decays.  However,  the  important  feature  to  note  is  that  the  NmF2  variations  for  all  8  trajectories  are  very  similar.  In  sharp 
contrast,  the  NmF2  variations  along  the  8  trajectories  that  contain  structured  electric  fields  are  very  different.  Upon  reaching 
the  nightside  auroral  zone,  the  NmFi  values  for  the  different  flux  tubes  can  differ  by  as  much  as  an  order  of  magnitude. 
The  differences  are  a  result  of  different  transpolar  crossing  times  and  different  'localized’  electric  field  strengths.  Localized 
enhancements  in  the  electric  field  produce  ion  temperature  enhancements  and  increased  0+  — *  S()+  conversion  rates  [29), 
and  this,  in  turn,  yields  lower  ;VmF2  values. 

5.  LIFETIME  AND  TRANSPORT  OF  LARGE  DENSITY  STRUCTURES 

The  lifetime  and  transport  characteristics  of  ‘large’  ionospheric  density  structures  (factor*  of  \t)  to  100)  were  studied 
by  [44].  Both  density  depletions  and  enhancements  were  considered.  In  this  study,  a  density  structure  was  created  at  a 
specific  location  in  the  high-latitude  F-region  and  the  subsequent  evolution  was  followed  for  different  seasonal  and  solar  cycle 
conditions  as  well  as  for  different  orientations  of  the  IMF,  i.e.,  different  convection  patterns.  However,  only  two  ‘structure’ 
locations  were  considered,  one  on  the  dayside  and  one  in  the  dusk  sector. 

For  the  simulations  involving  the  dayside  structure  location,  a  standard  two-cell  convection  pattern  was  adopted.  The 
pattern,  which  is  shown  in  the  top  panel  of  Figure  10,  corresponds  to  a  symmetric,  two-cell  configuration  of  the  Volland  [43] 
type  with  corotation  added.  This  pattern  is  representative  of  moderate  geomagnetic  activity  with  Kp  =  3  and  a  total  cross 
polar  cap  potential  of  62  kV.  In  the  polar  cap,  the  electric  field  is  about  17  mV  m-1  and  the  corresponding  antisunward 
convection  speed  is  about  300  ms"1.  The  solid  line  is  an  adopted  ‘test’  trajectory,  which  was  used  to  follow  convecting 
plasma  flux  tubes  in  different  reference  frames.  In  the  middle  panel,  this  test  trajectory  is  followed  for  traversals  in  a 
geographic  inertial  frame  starting  on  the  dayside  between  1000  and  1100  local  time  (shown  by  the  dot  in  the  upper  panel). 
Three  complete  traversals  of  the  test  trajectory  take  about  27  hours.  Although  the  3y  trajectory  loops  overlap  in  the  magnetic 
frame,  they  do  not  overlap  in  the  geographic  inertial  frame  because  the  convection  pattern  is  fixed  in  a  magnetic  frame  and 
the  magnetic  pole  rotates  about  the  geographic  pole.  If  a  plasma  blob  were  following  this  trajectory,  it  may  or  may  not  survive 
depending  on  how  long  it  is  exposed  to  ion  production  due  to  either  auroral  particle  precipitation  or  solar  EUV  radiation  (the 
terminators  for  summer  and  winter  solstice  are  denoted  by  dashed  lines).  Therefore,  a  satellite  crossing  the  polar  region  may 
or  may  not  see  the  plasma  blob  on  successive  passes.  Finally,  the  bottom  panel  of  Figure  10  shows  the  track  of  the  plasma 
flux  tube  in  a  corotating  geographic  frame,  which  is  the  frame  of  reference  in  which  ground-based  measurements  are  made. 
In  this  frame,  a  blob  of  plasma  drifting  into  view  may  appear  to  be  coming  from  any  direction,  depending  on  the  location  of 
the  observing  site. 

The  test  trajectory  shown  in  Figure  10  was  followed  for  3^  traversals  starting  on  the  dayside  at  the  location  marked 
by  the  dot  (285°  E  longitude).  Different  seasonal  and  solar  cycle  cases  were  considered  as  well  as  different  initial  density 
perturbations.  A  start  time  of  15:30  UT  was  selected  so  that  the  starting  location  was  sunlit  in  both  summer  and  winter. 
As  a  consequence,  the  background  conditions  at  the  starting  location  could  be  obtained  from  daytime  steady  state  solutions. 
Figure  11  shows  the  variation  of  NmFj  along  the  test  trajectory  for  three  different  density  enhancements  and  for  both  winter 
and  summer  conditions  at  solar  minimum.  In  each  panel,  the  solid  curve  corresponds  to  the  natural  plasma,  while  for  the 
dotted  and  dashed  curves  the  ‘initial’  normal  0+  density  profile  was  multiplied  by  factors  of  10  and  100,  respectively.  The 
variations  of  the  solar  zenith  angle  and  the  precipitating  auroral  electron  energy  flux  along  the  test  trajectory  are  shown  at 
the  top  and  bottom  of  each  panel,  respectively. 

In  winter,  the  flux  tube  is  in  darkness  most  of  the  time,  and  therefore,  auroral  precipitation  is  the  only  source  of  plasma 
along  most  of  the  test  trajectory.  For  the  natural  case,  NmF2  at  the  starting  location  is  about  5  x  105  cm  3,  but  as  the 
flux  tube  convects  across  the  polar  cap  in  darkness,  AfmF2  decreases  until  it  reaches  the  nocturnal  auroral  oval.  Because  the 
test  trajectory  has  a  fairly  long  residence  time  in  the  oval,  there  are  distinct  NmF2  enhancements  during  each  of  the  three 
traversals  of  the  oval.  When  the  initial  0+  density  profile  is  multiplied  by  factors  of  10  and  100  to  create  density  structures 
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(blobs),  the  subsequent  plasma  decay  occurs  at  the  same  rate  as  the  background  plasma  (solid  curve)  owing  to  the  absence  of 
sunlight.  However,  this  is  not  true  when  the  blob  flux  tubes  enter  the  nocturnal  auroral  oval.  Even  though  the  blob  densities 
are  much  greater  than  the  background  density  when  the  flux  tubes  first  encounter  the  nocturnal  oval,  auroral  precipitation 
is  sufficient  to  slow  the  decay  of  the  blobs.  Therefore,  in  winter  at  solar  minimum,  the  lifetime  of  a  blob  with  a  factor  of 
10  enhancement  relative  to  the  background  plasma  is  about  11  hours,  while  for  a  factor  of  100  enhancement  the  lifetime  is 
about  19  hours. 

In  summer,  the  temporal  evolution  of  the  density  structures  is  similar  to  that  in  winter,  but  there  are  some  quantitative 
differences.  First,  for  the  natural  case  (solid  curve),  .\'mF>  at  the  day  side  starting  location  is  greater  in  winter  than  in  summer 
owing  to  the  well-known  winter  anomaly.  The  difference  between  summer  and  winter  Am/-Vs  is  smaller  in  the  auroral  oval 
because  the  adopted  precipitation  pattern  is  the  same  in  summer  and  winter.  With  regard  to  the  density  structures,  the 
important  thing  to  note  is  that  the  lifetimes  are  much  shorter  in  summer  than  in  winter.  The  blob  with  a  factor  of  10 
enhancement  basically  disappears  in  about  4  hours,  while  for  the  factor  of  100  enhancement,  the  decay  time  is  about  11 
hours.  The  faster  blob  decay  rate  in  summer  is  a  result  of  both  the  change  in  the  atmospheric  O / N density  ratio  and  tin- 
greater  importance  of  solar  EUV  production,  which  helps  to  maintain  background  plasma  densities. 

In  the  simulations  discussed  above,  the  main  emphasis  was  on  the  lifetimes  of  initial  ‘dayside  structures'  with  a  range  <*f 
enhanced  densities.  However,  for  the  simulations  involving  the  'dusk  structure'  location,  the  emphasis  was  on  following  the 
breakup  of  a  given  structure  as  it  drifted  in  response  to  convection  electric  fields  for  different  IMF  conditions.  In  this  latter 
case,  the  adopted  structure  was  assumed  to  have  a  very  large  density  enhancement  of  a  factor  of  100  relative  to  background 
0+  densities  and  its  'initial'  location  was  taken  to  be  in  *hc  dusk-midnight  sector  at  2000  MIT.  Six  plasma  flux  tubes 
along  the  2000  ML1’  meridian  were  selected  to  represent  the  initial  width  of  the  structure,  with  dipole  latitude  locations  of 
73.1,  74.3.  74.9,  75.5,  76.1,  and  76.7°.  These  initial  flux  tube  locations  are  shown  in  Figure  12  in  a  magnetic  latitude- .ML I 
reference  frame.  Also  shown  in  Figure  12  is  the  subsequent  spatial  evolution  of  these  plasma  flux  tubes  for  four  different  IMF 
configurations.  The  different  cases  were  obtained  from  the  Sojka  et  al.  (46)  convection  model  with  rorolation  added.  The  top 
dials  show  tty  positive  and  negative  cases  for  southward  IMF,  while  the  bottom  dials  correspond  to  the  same  tty  cases  for 
northward  IMF.  For  southward  IMF,  two-cel)  convection  patterns  exist,  while  for  northward  IMF  multicell  convection  exist*. 
For  tty  positive,  enhanced  plasma  convection  occurs  in  the  dawn  sector,  while  for  By  negative  the  enhanced  plasma  flow 
occurs  in  the  dusk  sector.  It  is  apparent  from  Figure  12  that  the  IMF  conditions  have  an  impoilant  effect  on  the  subsequent 
evolution  of  a  density  structure.  For  the  case  ( tts  —  —  1 87 ,  tty  =  247),  the  six  tiajectories  stay  together  as  they  drift  in 
response  to  convection  electric  fields.  However,  for  the  three  other  IMF  configurations,  the  group  of  trajectory's  separate  as 
they  convert,  ».e..  the  plasma  structure  breaks  up  into  separate  smaller  structures.  For  the  case  ( //.  =  -  IS*..  By  =  -21*»  i. 
op**  segment  of  the  initial  structure  stays  in  the  dusk  convection  cell,  while  another  segment  crosses  the  polar  cap  and 
then  essentially  corotates  throughout  the  morning  and  afternoon  sectors  before  returning  to  the  polar  <-;».  For  northward 
IMK  the  breakup  of  the  structure  can  be  even  more  complicated  because  of  the  multicell  nature  of  convert  ion.  lor  tin- 
case  (Bz  =  18*),  tty  =  247).  one  segment  of  the  structure  stays  in  the  dusk  convection  cell,  while  another  segment  appears 
to  circulate  around  the  polar  cap.  For  the  last  case  ( tt,  =  IS 7./?,  ;=  -24*)).  the  bulk  of  the  structure  drifts  around  the 
midnight-dawn-noon  sector,  and  as  it  does,  it  undergoes  a  significant  spatial  spreading  and  stretching  lti«k  marks  indicate 
hourly  intervals). 

Figure  13  shows  the  trajectories  of  the  above  plasma  flux  tubes  in  a  corotating  geographic  reference  frame.  To  an  observer 
fixed  to  the  ground,  the  situation  could  appear  to  be  very  complicated,  depending  on  the  IMF.  Since  different  trajectories  in  the 
'initial'  structure  cross  each  other  at  different,  but  later,  times  a  ground  observer  might  think  that  the  density  enhancement* 
observed  at  different  times  are  unrelated.  A  further  complication  occurs  because  the  later  crossings  of  the  ground  site  by 
a  density  enhancement  could  be  from  different  directions.  It  is  apparent  from  Figure  13  that  multiple  observing  sites  and 
extended  observations  are  needed  to  unambiguously  determine  structure  dynamics,  particularly  for  northward  IMF. 

Not  only  can  an  initial  density  structure  break  up  into  smaller  segments,  but  the  subsequent  evolution  of  the  individual 
segments  can  be  very  different.  This  is  shown  in  Figure  14,  where  \mF>  is  plotted  versus  time  along  five  of  the  trajectories 
shown  in  Figure  12  for  each  of  the  four  IMF  cases  and  for  winter  and  solar  maximum  conditions.  The  shading  at  tin- 
bottom  of  each  plot  indicates  the  times  the  converting  flux  tubes  are  subjected  to  auroral  precipitation.  Dotted  segment* 
of  the  curves  indicate  the  flux  tubes  are  in  darkness,  while  solid  segments  indicate  sunlit  conditions.  Considering  first  the 
(ttt  ~  — 187.  tty  =  247)  case  (left  column),  it  is  readily  apparent  that  the  temporal  evolution  of  .\mFj  is  very  similar  for  the 
hve  trajectories  because  in  this  case  the  structure  flux  tubes  stay  together  (see  Figure  12).  However,  for  the  other  southward 
IMF  rase  -  — 187 ,  Bv  -  -247),  only  two  of  the  five  structure  flux  tubes  stay  sufficiently  dose  to  each  other  to  have 
similar  temporal  histories  (top  two  plots).  For  the  other  three  flux  tubes,  tfie  variations  are  different  hecause  of  different 

convection  speeds  along  the  trajectories,  different  exposures  to  auroral  precipitation  (see  bottom  of  plots),  and  for  one  flux 
tube  exposure  to  sunlight  (solid  curve  segment).  Note  that  the  genera!  conclusions  reached  above  for  southward  IMF  a;c 
also  true  for  northward  IMF  (two  columns  on  right).  Finally,  note  that  for  a  given  IMF  configuration  and  at  a  given  time, 
the  .\mFi  values  can  be  differed  by  more  than  an  order  of  magnitude  even  though  the  five  flux  tubes  started  out  under  the 
same  conditions. 

6.  CONCLUSIONS 

Significant  progress  has  been  made  during  the  last  decade  in  modelling  the  major  morphological  features  of  the  high 
latitude  ionosphere,  including  the  polar  cap  'tongue  of  ionization’,  the  'main  trough',  the  ’polar  hole',  auroral  ionization  peaks, 
and  ion  and  electron  temperature  hot  spots.  The  modelling  has  also  been  able  to  describe  the  universal  time  variation  of  the 
high  latitude  ionosphere  that  is  associated  with  the  displacement  between  the  geomagnetic  and  geographic  poles  The  more 
recent  modelling  efforts  have  focussed  on  ionospheric  structure,  with  the  emphasis  on  elucidating  structuring  mechanisms, 
lifetimes,  and  transport  characteristics.  The  main  conclusions  drawn  from  our  studies  are  as  follows:  (1)  Plasma  blobs  or 
enhancements  can  be  created  by  the  observed  precipitation  energy  fluxes  if  the  plasma  is  exposed  to  the  particle  precipitation 
for  5-10  minutes:  (2)  Within  10-20  minutes  after  a  density  structure  is  created  by  precipitation,  the  F -region  recovers  its 
shape,  and  hence,  the  source  characteristics  cannot  be  determined  from  the  profile  shape  after  this  time  period;  (3)  Structured 
electric  fields  produce  structured  electron  densities,  ion  temperatures,  and  ion  composition,  (4)  The  lifetime  of  an  /'-region 
density  structure  depends  on  the  inilia1  location  where  it  was  formed,  the  magnitude  of  the  perturbation,  season,  solar  cycle, 
and  the  IMF;  and  (5)  Depending  on  the  IMF  (i.e.,  convection  pattern),  horizontal  plasma  convection  ran  cause  an  initial 
density  structure  to  break  up  into  multiple  structures  of  various  sizes,  remain  as  a  single  distorted  structure,  or  become 
stretched  into  elongated  segments. 
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Figure  1.  Theoretical  0+  production  rates  as  a  function  of  altitude.  I  he  solid  curve  corresponds  to  the  0“  production  rate 
for  a  typical  hard  auroral  spectrum,  while  tin*  dashed  curve  (1 )  corresponds  to  a  soft  cusp  spectrum.  1  he  dashed  curves  i .? » 
and  f3)  are  the  same  as  cur1  (11.  except  that  the  profile  has  been  raided  to  higher  altitudes.  I  roiu  j37j. 
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f  ignre  2.  lest  trajectory  for  pfa.stua  transport  across  the  polar  cap  in  a  magnet  it  latitwdr-ML  I  it'frrriu'o  frame  (lop).  IVnsitv 
profile  locations  have  been  numbered  along  the  trajectory,  am!  the  cross-hatch  region  correspu.  ds  to  an  auroral  ioni/a  ioti 
source.  The  bottom  part  of  the  figure  shows  the  relation  between  elapsed  time,  density  profile  location,  and  auroral  energy 
flux.  From  [37j. 
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Hgurt*  :j.  \mF2  variation  along  the  test  trajectory  for  the  different  auroral  production  models  defined  in  Table  1.  From  [37]. 


figure  4.  hm  F'i  variation  along  the  lest,  trajectory  for  the  dilferent.  auroral  production  models  defined  in  Table  1.  From  [it? 
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Figure  5.  Model  of  an  electric  field  structure.  The  electric  potential  contours  drawn  at  1  kV  intervals  are  shown  in  the 
magnetic  x-y  coordinate  system.  Negative  potentials  are  shown  as  dashed  contours.  The  potential  vanes  from  -6  to  6  kV 
for  this  electric  field  structure.  The  coordinate  system  is  located  at  the  magnetic  pole  with  the  positive  i-axis  lyin,?  along 
the  magnetic  midnight  meridian,  while  the  positive  y-axis  lies  along  the  dawn  magnetic  meridian.  Units  along  each  axis 
correspond  to  degrees  of  magnet  ic  colatitude.  From  m- 
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friR'ire  6.  Distribution  of  the  Adopted  4o  polar  rap  elect  r ic  field  structures  in  the  MLT  magnetic  latitude  frame.  Each 
structure  is  represented  by  its  uniform  central  region  and  labeled  in  the  center  with  its  dawn-dusk  potential  drop  in  kV.  From 
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Figure  7.  Plasma  trajectories  for  a  2-re., 
unperturbed  convection  pattern  (top  panel) 
and  for  a  structured  convection  pattern  (bot¬ 
tom  panel)  in  the  MLT-magnetic  latitude 
reference  frame.  Circles  denote  the  start  lo¬ 
cation  for  each  trajectory,  while  tick  marks 
indicate  one-hour  time  intervals.  From  [38] . 
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Figure  8.  Electric  field  variation  along  the 
dusk-dawn  magnetic  meridian  for  the  unper¬ 
turbed  2- cel  I  convection  pattern  (top  panel) 
and  for  the  structured  convection  pattern 
(lower  panel).  The  electric  field  is  given  in 
mV/m.  From  [38]. 
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Figure  9.  NmFi  densities  for  each  of  the  trajectories  shown  in  Figure  7  plotted  versus  the  flux  tubes’  i  location.  The  top 
panel  is  for  the  unperturbed  2-cell  convection  pattern  and  the  bottom  panel  is  for  the  structured  convection  pattern.  .'Vm Fi 
is  plotted  as  log10  NmF2  in  cm-3.  From  [38]. 
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Figure  10.  Plasma  drift  trajectories  in  different  coordinate  systems  for  a  Volland  (43)  convection  pattern  with  corotation 
added.  The  convection  pattern  is  a  symmetric  two-cell  pattern  with  a  cross  polar  cap  potential  of  62  kV.  The  top  panel  shows 
the  drift  trajectories  in  a  magnetic  latitude-MLT  reference  frame.  Also  shown  in  this  panel  are  a  Spiro  et  al.  (45)  auroral 
oval  for  Kp  =  3  and  a  selected  ‘test’  trajectory  (solid  curve).  The  middle  panel  shows  the  path  of  a  plasma  flux  tube  in  the 
geographic  inertial  frame  for  3^  traversals  of  the  test  trajectory.  Also  shown  in  the  middle  panel  are  the  terminator  locations 
for  summer  and  winter  solstice.  The  bottom  panel  shows  the  flux  tube  path  in  a  corotating  geographic  reference  frame.  Tick 
marks  along  the  flux  tube  path  show  the  elapsed  time  at  hourly  intervals.  From  [44]. 
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Figure  11.  NmFi  variation  along  the  test  trajectory  for  three  plasma  flux  tubes  in  both  summer  and  winter  at  solar 
minimum.  The  flux  tubes  start  on  daysidc  at  the  location  marked  by  the  dot  in  Figure  10.  The  solid  curve  corresponds 
to  the  background  plasma,  while  for  the  dotted  and  dashed  curves  the  initial  0+  density  profile  was  multiplied  by  factors  of 
10  and  100,  respectively.  The  solar  zenith  angle  variation  along  the  trajectory  is  shown  at  the  top.  and  the  log  of  the  auroral 
electron  energy  flux  along  the  trajectory  is  shown  at  the  bottom.  From  [44]. 


Figure  12.  Plasma  convection  trajectories  in  a  magnetic  latitude-MLT  reference  frame  for  different  IMF  conditions.  The 
trajectories  were  obtained  from  the  Sojka  tt  al.  [46]  convection  patterns  with  corotation  added.  The  top  dials  show  Bv 
positive  and  negative  cases  for  southward  IMF,  while  the  bottom  dials  corr^pond  to  the  same  Bt  cases  for  northward  IMF. 
For  each  of  the  four  IMF  cases,  six  trajectories  were  followed  for  24  hour-,  starting  at  2000  MLT  and  magnetic  latitudes  of 
73.1,  74.3,  74.9,  75.5,  76.1,  and  76.7°.  The  tick  marks  along  the  trajectories  represent  hourly  intervals.  From  [44]. 
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Figure  14,  jVm^2  variation  along  five  convection  trajectories  for  four  IMF  cases  in  winter  at  solar  maximum.  The  cases  and 
trajectories  are  those  shown  in  Figures  12  and  13.  The  shading  at  the  bottom  of  each  plot  indicates  the  times  the  flux  tubes 
are  subjected  to  auroral  precipitation.  Dotted  segments  of  the  curves  indicate  the  times  the  flux  tubes  are  in  darkness,  while 
solid  segments  correspond  to  sunlit  conditions.  From  [44]. 
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DISCUSSION 


P.Viia 

About  the  polar  F  lacunae:  They  occur  exclusively  in  summer  daytime  when  the  lifetime  of  the  blob-patch  fronts  is 
found  shortest  in  your  3D-time  simulation. 

The  existence  of  simultaneous  instabilities  at  E  and  F  region  heights,  checked  on  some  meridian  scans  at  Sondrestrom 
on  the  front  borders,  seems  to  be  built  in  with  the  electric  field  and  current  structure,  needing  closure  by  Pedersen 
currents  exclusively  on  the  dayside.  Is  the  imaging  /|[  process  of  Heelis,  Vickrey  and  Walker  (1985]  not  responsible  for 
blob  decay? 

Author’s  Reply 

In  our  ionospheric  simulations  we  can  only  model  the  dynamics  of  large-scale  patches  or  blobs.  Our  model  does  not 
allow  plasma  instabilities  to  form  on  the  blob  edges.  Also,  our  model  does  not  take  account  of  E-F  imaging  processes 
coupled  through  field-aligned  currents.  The  E-F  region  image  process  can  speed  the  decay  of  small  density  irregularities 
through  enhanced  cross-field  diffusion,  but  it  probably  is  not  significant  for  large-scale  patches  and  blobs. 


B.Reinisch 

For  Bz  <  0,  you  modelled  the  convection  as  a  superposition  of  many  small-scale  cells,  producing  a  highly  structured 
‘2-cell  pattern.  What  is  the  physical  mechanism  for  these  small  circulation  cells,  and  what  evidence  exists? 

Author’s  Reply 

Each  small  cell  is  associated  with  two  small  sheet  currents  into  and  out  of  the  ionosphere  so  that  the  overall  structure 
results  from  many  small  sheet  currents.  Evidence  for  such  a  configuration  is  provided  by  the  Dynamics  Explorer  data 
for  6,  northward  and  for  conditions  when  the  convection  pattern  appears  to  be  turbulent. 
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OBSERVATIONS  OF  IONOSPHERE  /  MAGNETOSPHERE  INTERACTIONS  FROM  THE 
DYNAMICS  EXPLORER  SATELLITES 


R.  A.  Hoffman 

Laboratory  for  Extraterrestrial  Physics 
Goddard  Space  Flight  Center 
Greenbelt,  MD  20771 
U.S.A 


SUMMARY 

The  Dynamics  Explorer  program  was  a  dual  spacecraft  mission  designed  to  study  the  interactions  between  the  upper 
atmosphere,  ionosphere  and  magnetosphere.  The  global  auroral  images  acquired  from  the  high  altitude  spacecraft  have  provided  a 
revolutionary  new  time-dependent  frame  of  reference  for  the  interpretation  of  data  acquired  in-situ.  Using  data  especially  from  the 
low  altitude  spacecraft,  interrelationships  arc  developed  between  the  various  electrodynamic  parameters  measured.  Ionospheric 
irregularities  are  found  to  be  especially  intense  in  regions  of  electric  field  convection  shears,  which  are  closely  related  to  the  dusk 
hemisphere  field-signed  currents.  These  region  I  currents  are  spatially  connected  to  the  boundary  plasma  sheet  electron 
precipitation.  At  all  local  times,  there  appears  to  be  a  universal  relationship  between  regions  where  div  E  <  0  and  electron 
precipitation  structures.  Depending  upon  the  characteristics  of  the  electrons  bombarding  the  atmosphere,  the  atmosphere  will  radiate 
various  spectral  optical  emissions,  which  can  be  imaged  from  high  above  the  polar  caps,  with  temporal  resolution  sufficient  to  follow 
the  time-dependent  evolution  of  a  substorm.  It  is  concluded  that  with  further  detailed  analyses  of  the  electrodynamic  parameters 
obtained  from  in-situ  measurements,  analyses  of  auroral  images  will  yield  specific  information  on  many  of  the  important  ionospheric 
parameters  over  an  entire  auroral  oval  and  polar  cap,  including  regions  of  intense  ionospheric  irregularities. 


INTRODUCTION 

The  theme  of  this  meeting  declares  that  ‘‘much  of  the  local  ionospheric  behavior  is  determined  by  coupling  electrically  to  the 
distant  ionosphere  and  solar  wind,  and  coupling  electrodynamically  io  higher  and  lower  levels  of  the  atmosphere”.  NASA’s  Dynamics 
Explorer  program  was  designed  specifically  to  study  this  electrodynamic  coupling  between  the  upper  atmosphere,  ionosphere  and 
magnetosphere.  The  theme  proceeds  to  point  out  that  global  observations  are  often  necessary  to  provide  the  frame  of  reference  for 
interpreting  observed  effects.  Indeed  the  Dynamics  Explorer  program  acquired  for  the  first  rime  observations  of  a  global  nature  which 
provide  a  revolutionary  new  time -dependent  frame  of  reference  for  the  interpretation  of  locally  observed  phenomena.  Therefore,  using 
data  acquired  from  the  Dynamics  Explorer  mission,  this  paper  will  strive  to  show  how  the  various  measurements  of  the  electrodynamic 
parameters  in  ncar-Earth  space  are  related,  and  will  begin  to  place  them  into  this  global  frame  of  reference.  Only  by  developing  such 
relationships  within  a  time-dependent  framework  can  time-dependent,  and,  therefore,  realistic  models  of  the  ionospheric  behavior  be 
eventually  developed. 


Much  of  the  material  in  this  review  has  been 
taken  from  a  set  of  review  articles  written  by  members 
of  the  Dynamics  Explorer  Science  Team,  which  will 
appear  in  Reviews  of  Geophysics  (Table  1).  While 
this  review  is  limited  predominantly  to  auroral  and 
polar  cap  phenomena,  these  phenomena  also  display 
effects  all  the  way  to  the  equator. 

The  Dynamics  Explorer  program  utilized  two 
spacecraft  launched  together  into  co planar  polar  orbits 
(inclinations  of  90°).  One  spacecraft,  known  as  DE  l 
was  placed  into  an  elliptical  orbit  with  an  apogee  of 
3.63  Rg  altitude,  initially  over  the  northern  polar  cap. 
The  second  spacecraft,  DE  2,  was  in  a  more  circular 
orbit  in  the  ionosphere,  with  perigee  at  about  300  km 
and  apogee  initially  at  about  1000  km.  The  spacecraft, 
mission  and  instruments  have  been  described  in  an 
issue  of  Space  Science  Instrumentation  ( 1 J.  Joint 
operations  with  the  two  spacecraft  commenced  shortly 
after  the  launch  on  August  3, 1981,  and  extended  to 
February  19, 1983,  when  the  DE  2  spacecraft 
reentered.  DE  1  operations  continue  and  are  planned 
into  the  1990s. 


Table  1 

R.  A.  Hoffman 

The  Magnetosphere,  Ionosphere, 
Atmosphere  as  a  System:  Dynamics 
Explorer  Five  Years  Later 

J.  L.  Burch 

Energetic  Particles  and  Currents: 

Results  from  Dynamics  Explorer 

Charles  R.  Chappell 

The  Terrestrial  Plasma  Source — A  New 
Perspective  in  Solar  Terrestrial 

Processes  from  Dynamics  Explorer 

L.  A.  Frank 

and  J.  D.  Craven 

Imaging  Results  from  Dynamics 

Explorer  1 

D.  A.  Gumett 
and  U.  S. Inan 

Plasma  Wave  Observations  with  the 
Dynamics  Explorer  1  Spacecraft 

R.  A.  Heelis 

Studies  of  Ionospheric  Plasma  and 
Electrodynamics  and  Their  Applications 
to  Ionosphere- Magnetosphere  Coupling 

T.  L.  Killeen 
and  R.  G.  Roble 

Thermosphere  Dynamics:  Contributions 
from  the  First  Five  Years  of  the 

Dynamics  Explorer  Program 
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time-dependent  frame  of  reference 

Well  before  the  beginning  of  the  space  age,  experimenters  attempted  to  place  their  observations  within  the  context  of  more 
globally  occurring  phenomena.  For  many  years,  and  even  today,  the  magnetic  indices  of  Kp,  the  various  A  indices,  and  Dst  have 
been  used  to  describe  the  global  activity  of  the  earth’s  magnetic  Field.  With  the  need  for  a  higher  resolution  index  to  characterize 
polar  disturbances,  the  various  auroral  indices  of  AU,  AL  and  AE  were  developed.  The  problem  with  using  these  ground-based 
magnetic  indices  is  often  two- fold:  first,  the  measurements  or  the  calculational  procedures  upon  which  the  indices  arc  based  do  not 
have  sufficient  spatial  or  provide  sufficient  temporal  resolution  to  properly  characterize  the  disturbances;  second,  the  use  of  the 
indices  often  removes  them  from  their  temporal  context.  Thus  measured  parameters  are  analyzed  together  as  a  function  of  the 
absolute  value  of  the  index,  irrespective  of  whether  the  index  shows  an  increasing  or  decreasing  tendency. 

In  addition  to  the  magnetic  indices,  all-sky-camera  photos  have  been  used  to  place  local  measurements  into  the  context  of  at 
least  the  local  sequence  of  auroral  activity. 

Wc  now  have  available  a  new  tool,  "global  auroral  images’’,  which  are,  as  the  name  implies,  global  in  their  coverage,  at  least 
to  an  entire  auroral  oval  and  polar  cap,  and  are  sequential  in  their  acquisition  |2J.  By  relating  in-situ  measurements  of  electrodynamic 
parameters  to  each  other  and  to  auroral  emissions,  a  time -dependent  understanding  of  the  in-situ  measurements  on  a  "global*’  basis 
can  be  acquired. 

The  first  image  (Figure  1)  compares  the  regions  of  coverage  of  a  global  auroral  image  in  UV  wavelengths  (and.  therefore,  in 
false  color)  with  that  of  an  all-sky-camera.  shown  as  the  white  circle  {31.  The  global  image  places  the  ground-based  measurement, 
which  has  greater  local  temporal  and  spatial  resolution  but  very  limited  spatial  coverage,  into  the  proper  context  of  the  instantaneous 
configuration  of  the  dynamic  auroral  oval. 

The  figure  also  shows  the  distribution  of  the  magnetic  observatories  from  whose  data  the  AE(12)  index  is  determined  {4). 

Note  that  the  array  of  stations  was  not  properly  located  for  considerable  longitudinal  spans  or  in  latitude  to  provide  information  on  ihe 
local  time-dependence  of  the  activity.  In  this  case  the  dominant  auroral  enhancement  near  midnight  lies  between  the  stations  of  Tixie 
Bay  and  Cape  Wellen. 

The  second  figure  contains  a  series  of  images  taken  at  12  minute  intervals  in  which  a  modest  substorm  was  viewed  from  a 
portion  of  the  orbit  above  the  northern  hemisphere.  These  images,  also  in  UV.  demonstrate  first  the  success  of  the  instrumentation  for 
viewing  the  entire  auroral  oval,  even  well  into  the  sunlit  portion  of  the  earth.  They  also  dramatically  illustrate  the  dynamic  nature  of  a 
substorm  and  the  explosive  release  of  energy.  The  onset  of  the  substonn  is  evident  in  the  fourth  image  and  involved  only  a  small 
area.  A  westward  traveling  surge  then  travelled  along  the  poleward  edge  of  the  oval,  as  highly  structured,  eastward-moving  auroral 
forms  developed  in  the  post-midnight  sector.  Note  the  large  increase  in  the  area  of  the  active  region.  It  is  within  such  a  dynamically 
changing  framework  that  it  is  now  possible  to  analyze  smaller  scale,  in-situ  measurements.  No  index,  or  statistically  averaged  oval 
can  provide  such  a  dynamic  frame  of  reference. 

In  addition  to  a  reference  frame,  such  images  can  be  interpreted  to  specify  characteristic  energies  and  energy  fluxes  of  the 
electrons  producing  the  optical  emissions  observed  by  auroral  images  {51-  Two  spectral  emissions  are  required  to  specify  these 
quantities,  such  as  those  obtained  from  an  ultraviolet  channel  and  a  visible  wavelength  channel.  The  ionospheric  conductivities  can 
then  be  calculated  from  the  electron  characteristics. 

CONVECTION  PATlEK.o 

We  will  now  begin  to  show  relationships  between  the  geoelectric  field,  magnetic  field  perturbations  from  field-aligned 
currents,  electron  precipitation  characteristics  and  ionospheric  irregularities  which  can  be  placed  eventually  into  the  temporally  and 
spatially  varying  global  auroral  framework.  We  begin  with  large  scale  convection  patterns. 

The  most  extensive  development  of  empirical  models  of  the  convection  electric  field  has  been  t  amed  out  by  Heppner  and 
Maynard  |6{,  using  measurements  of  a  single  horizontal  component  of  the  electric  field  acquired  from  the  L)E  2  satellite  ( 7 1 .  Patterns 
were  derived  in  relation  to  various  directions  of  the  interplanetary  magnetic  field  (IMF).  Figure  3  contains  two  ionospheric 
convection  patterns  derived  from  the  electric  field  measurements  for  the  northern  polar  region  when  the  IMF  was  predominantly 
southward  (Bz  <  0),  one  for  By  >  0  fduskward).  the  other  for  By  <  0.  The  two  patterns  differ  in  several  characteristics: 

1.  Most  obvious  are  the  relative  sizes  of  the  two  convection  cells,  which  reverse  with  the  reversal  tn  By. 

2  A  noon  overlap  of  the  two  cells  also  reverses  with  By 

3.  For  By  >0.  the  dawn  cell  protrudes  into  the  dusk  cell  in  ihe  pre-midnight  hours.  We  will  return  to  this  point  later. 

4.  The  foci  of  the  two  cells  are  rotated  clockwise  1  to  2  hours  trom  dawn-dusk.  These  patterns  have  been  substantially 
confirmed  by  radar  (8.  9|  and  other  satellite  ( 10|  measurements 

For  these  average  patterns  the  potential  between  the  foci  of  the  two  cells  in  both  cases  is  76  keV.  It  was  found  that  the 
patterns  do  not  change  in  shape  with  the  level  of  activity,  but  the  mean  values  of  the  polar  cap  potential  drop  show  a  magnetic  index 
dependence,  as  seen  in  Figure  4.  The  average  potential  shown  in  Figure  3  corresponds  to  an  AE  index  near  400,  or  a  Kp  between  3+ 
and  4-. 


When  the  IMF  has  a  substantia!  northward  component  <B7  >  0  or  positive*,  a  variety  of  convection  signatures  are  observed  in 
the  usual  polar  cap.  The  interpretation  of  these  signatures  has  led  lo  iwo  different  constructions  of  large  scale  convection  patterns, 
distorted  two  cell  patterns  vs.  multiple  cell  patterns.  Despite  the  differing  interpretations  there  is  general  agreement  that  regions  of 


Figure  2.  Twelve  consecutive  false-color  images  of  the  northern  auroral  oval  recorded  the  onset  and  evolution  of  a  substorm  as  the 
spacecraft  Dynamics  Explorer  1  descended  from  apogee  during  the  period  052‘J  through  07:55  t'T  on  2  April  1'>K2.  Each  image  was 
telemetered  in  a  twelve -minute  interval.  The  sunlit  atmosphere  is  visible  at  the  upper  left  in  e  image.  The  passhand  of  the  optical 
filter  is  123  to  1  55  nrn.  for  which  the  dominant  responses  are  trom  emissions  of  atomic  oxygen  at  about  1  30  4  and  I  V>.(>  run  and  the 
I.BH  bands  of  molecular  nitrogen 
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Figure  3.  Convection  electric  field  model  BC  (left),  representing  the  most  typical  pattern  distribution  encountered  in  the  northern 
hemisphere  for  +Y  IMF  directions  and  in  the  southern  hemisphere  for  -Y  IMF  directions.  Convection  electric  field  model  DE  (nght). 
one  of  two  models  representing  the  pattern  distributions  encountered  in  the  northern  hemisphere  for  -Y  IMF  directions  (+Y  IMF  for 
southern  hemisphere). 
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Figure  4.  Mean  values  of  the  polar  cap  potential  drop  from 
both  hemispheres  and  all  signatures  during  November  and 
December  1981  as  a  function  of  AE  and  Kp  indices  (from  (6)). 


sunward  convection  exist  at  most  times  at  high  invariant  3°  60  90  60  30 

latitudes  where  normally  antisunward  convection  would  Latitude  (d*gr««$) 

occur  if  the  IMF  were  southward.  An  important  Figure  5.  Variation  in  the  Bz  component  and  B  magnitude  of  th< 

confirmation  of  stable  sunward  convection,  rather  than  a  interplanetary  magnetic  field  as  measured  by  IS  EE  3  during  24 

transient  condition,  comes  from  a  comparison  of  the  bulk  November  1982  (top).  The  time  of  a  DE  2  pass  (orbit  1712)  is 

motions  of  both  ionic  and  neutral  species  in  the  high-latitude  marked.  The  ion  drifts  and  zonal  neutral  winds  measured  by  DE 

F-region  (11).  In  Figure  5,  top,  the  ISEE  3  data  show  a  during  the  dawn  to  dusk  orbit  1712  as  a  function  of  geographic 

strongly  northward,  stable  IMF  for  the  first  half  of  the  day,  latitude  (bottom).  Note  the  3:1  scale  difference  (from  (11))- 

during  which  time  a  sequence  erf  DE  2  passes  occurred.  The 

zonal  (sun  ward-antisun  ward)  components  of  both  the  ion  drift  and  neutral  wind  in  the  F-region  from  one  of  these  passes  are  compared 
in  the  lower  portion  of  the  figure,  with  a  3:1  scale  difference.  It  is  very  evident  that  throughout  the  polar  region  the  zonal  neutral  wind 
follows  the  “averaged”  zonal  ion  drift,  and  contains  a  well  defined  region  of  sunward  flow  in  the  central  polar  cap.  Since  the  time 
constant  for  the  ion  gas  to  set  the  entire  neutral  gas  in  motion  in  the  winter  polar  F-region  is  on  the  order  of  2-3  hours,  we  conclude  that 
sunward  ion  convection  in  the  polar  cap  at  times  of  northward  IMF  can  provide  a  sufficiently  strong  and  long-lasting  momentum  source 
for  the  neutral  gas  to  overcome  the  effects  of  the  antisunward  directed  pressure  gradient  force.  Therefore,  we  consider  the  measured 
sunward  ion  convection  to  be  a  characteristic  of  positive  and  steady  Bz  conditions  and  not  a  transient  flow  regime. 


Figure  5.  Variation  in  the  Bz  component  and  B  magnitude  of  the 
interplanetary  magnetic  field  as  measured  by  ISEE  3  during  24 
November  1982  (top).  The  time  of  a  DE  2  pass  (orbit  1712)  is 
marked.  The  ion  drifts  and  zonal  neutral  winds  measured  by  DE  2 
during  the  dawn  to  dusk  orbit  1712  as  a  function  of  geographic 
latitude  (bottom).  Note  the  3:1  scale  difference  (from  (11)). 


How  is  the  sunward  convection  interpreted  in  the  context  of  a  global  pattern?  In  their  development  of  empirical  convection 
models.  Heppncr  and  Maynard  (6j  included  this  sunward  flow  by  progressively  distorting  the  Bz  southward  models  as  Bz  becomes 
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Figure  6.  Rotationaiiy  twisted  distortions  of  model  BC  (left)  and  model  DE  (right)  usually  observed  when  the  IMF  Bz  is 
strongly  northward  (positive)  (from  [6]). 


more  strongly  northward.  For  the  case  of  Bz  strongly  northward. 
iheir  By  >  0  and  By  <  0  models  appear  in  Figure  6.  In  both  cases, 
the  distortions  have  a  common  characteristic:  the  evening  foci 
rotate  toward  noon  and  the  pattern  is  stretched  into  the  morning 
hours.  This  results  in  an  inverted  “IT-shaped  convecdon  pattern 
over  the  polar  cap,  containing  a  region  of  sunward  flow. 

On  the  other  hand,  Hcelis  ei  al.  (12]  connect  equipotendal 
flow  lines  into  closed  loops  (Figure  7),  resulting  in  a  muldcell 
convection  pattern  in  the  polar  cap,  as  Burke  et  al.  ( 13]  had  done 
previously.  Heppner  and  Maynard  (6]  object  to  such  closed  loops 
on  the  nightsidc  on  the  basis  that  sign  reversal  sequences  in  the 
midnight  sector  are  essentially  unchanged  during  Bz  positive 
conditions  from  those  observed  for  Bz  negative. 

Pan  of  the  problem  with  Bz  (■*■)  conditions  arises  from  the 
general  suppression  of  auroral  and  magnetic  activity  under  this 
condition.  In  an  extensive  study  of  the  electrodynamic  patterns  in 
the  polar  region  during  periods  of  extreme  magnetic  quiescence, 
Hoffman  et  al.  [14]  found  that  convection  patterns  were  still  likely 
to  be  found,  though  contracted  and  with  large  amplitude 
irregularities  superposed.  The  probability  of  identification  of  any 
type  of  large  scale  pattern  decreased  significantly  around  the 
winter  solstice,  an  example  of  which  is  shown  in  Figure  8.  Note 
the  many  reversals  in  the  electric  field  direction  (second  panel), 
each  negative  gradient  associated  with  an  electron  precipitation 
structure,  but  no  large  scale  pattern  can  be  identified. 

At  this  time,  we  have  ample  evidence  that  the  geoelectric 
field  pattern  is  highly  variable  and  dependent  upon  the  strengths  of 
the  various  convection  drivers  arising  from  the  interactions  of  the 
IMF  and  the  geomagnetic  field.  However,  even  a  erode  time- 
dependent  empirical  geoelectric  field  model  does  not  yet  exist. 

F1ELD-ALIGNED  CURRENT  PATTERNS 

Global  field-aligned  current  patterns  have  been  constructed 
primarily  on  the  basis  of  statistical  averages.  The  extremely  well 
known  region  1  and  region  2  patterns  ( 1 5],  which  pertain  to  two 
levels  of  magnetic  activity,  have  been  refined  especially  with 
respect  lo  the  effects  of  the  northward  IMF  (see  ( 16)  for  a  review). 
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Figure  7.  High-latitude  convection  signature  observed  when 
the  IMF  Bz  is  positive  and  By  is  small.  Ion  drift  vectors  and 
the  associated  electrostatic  potential  are  shown  in  the  top  dial. 
A  multicell  interpretation  of  representative  equipotendal  flow 
contours  are  shown  below.  The  shaded  arc  denotes  the 
terminator  at  200  km  (from  [7]). 
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Unfortunately,  the  significant  modifications  to  the  patterns  dunng  substorms  1 17)  have  been  largely  ignored. 

Recently  we  have  been  attempting  to  acquire  an  understanding  of  the  relations  between  the  field-aligned  currents,  convection 
patterns  and  panicle  precipitation  patterns  as  a  function  of  substorm  phase  (18,  19, 20]  This  work  has  been  based  to  a  large  extent  on 
the  frequently  prevailing  coupling  mode  between  the  perturbation  magnetic  field,  interpreted  as  due  to  field-aligned  currents,  and  the 
electric  field,  expounded  on  especially  by  Sugiura  (21).  This  mode  states  that  the  field-aligned  currents  and  electric  field  are  orthogonal 
to  each  other,  and  are  highly  correlated.  An  example  of  this  correlation  is  shown  in  Figure  9  with  an  extremely  high  correlation  of 
0.992.  There  are  three  important  consequences  of  this  proportionality: 

1 .  V  JH  a  0  The  height  integrated  Hall  current  is  divergence  free,  or  the  field-aligned  current  closes  in  the 

ionosphere  by  Pederson  currents. 

ABz 

2.  Zp  = -  The  height  integrated  Pederson  conductivity  is  obtainable  from  the  ratio  of  the  perturbation  magnetic 

Ho  Ex 

field  and  the  electric  field  measured  in  the  topside  ionosphere. 

3.  A$  II  V  (plasma),  since  A$  and  £  are  orthogonal.  The  direction  of  the  perturbation  magnetic  field  is  parallel  or 

antiparallel  to  the  plasma  convection.  We  will  investigate  these  consequences  in  more  detail  later, 
but  for  now  will  utilize  the  proportionality  feature  to  begin  construction  of  global  time-dependent  or 
substorm  phase  dependent  electrodynamic  patterns. 
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Figure  9.  Data  from  a  pass  of  DE  2  through  the  cusp  (left).  The  top  panel  contains  the  north- south  component  of  the  electric  field, 
the  lower  two  panels  the  north-south  and  east-west  components  of  the  magnetic  field  in  geomagnetic  coordinates.  Both  sets  of  data 
contain  16  samples/second.  The  plot  on  the  right  shows  the  correlation  between  the  electric  field  and  nearly  orthogonal  component  of 
the  magnetic  field,  with  a  correlation  coefficient  of  0.992  (from  (21)). 


Figure  10  is  an  example  from  the  dusk  local  time  during  the  maximum  phase  of  an  isolated  substorm  when  the  IMF  By  was 
slightly  positive.  Recall  that  the  Heppner  and  Maynard  model  of  the  convection  pattern  for  By  positive  has  a  large  dusk  convection 
cell  with  weak  gradients,  but  rhe  dawn  cell  overlaps  the  dusk  cell,  causing  a  swirl  in  the  convection  pattern  (Figure  3,  left).  Thus  the 
polar  cap  electric  field  (first  l'/z  minutes  in  the  middle  panel)  has  a  fairly  constant  value,  followed  by  an  electric  field  convection 
spike  due  to  the  swirl.  Note  the  excellent  relations  between  the  region  1  current  identified  from  the  east-west  magnetic  perturbation, 
the  negative  gradient  in  the  north-south  component  of  the  electric  field  and  the  boundary  plasma  sheet  (BPS)  electron  precipitation  (in 
this  case  a  large  inverted- V),  displayed  as  a  grey-scale  spectrogram.  A  similar  relation  exists  between  the  region  2  current  and  the 
positive  gradient  of  the  electric  field,  but  not  with  the  central  plasma  sheet  (CPS)  precipitation,  which  barely  existed.  Also  note  that 
no  current  is  associated  with  the  convection  field  spike.  It  is  observed,  however,  that  if  the  By  component  is  large,  a  current 
oppositely  directed  to  region  1  is  usually  associated  with  the  positive  gradient  of  the  convection  spike. 

The  preliminary  analysis  of  these  interrelationships  using  DE  2  data  from  126  polar  passes  during  relatively  isolated  substorms 
was  previously  reported  [19].  A  summary  of  the  results  is  shown  schematically  in  Figure  11,  with  field-aligned  current  regions 
defined  from  the  magnetic  field  measurements  overlaid  on  slightly  modified  versions  of  the  Heppner  and  Maynard  convection 
patterns  for  Bz  negative  and  the  two  By  orientations.  When  By  is  positive  the  strongest  gradients  in  the  convection  pattern  appear  in 
the  moming  hours,  with  a  convection  spike  at  the  high  latitude  edge  of  the  region  1  currents,  often  with  an  associated  oppositely 
directed  current.  Such  a  current  has  also  been  reported  from  Viking  and  DMSP  observations  and  identified  as  a  “region  0”  system 
(22).  The  protrusion  of  the  moming  convection  cell  into  the  pre-midnight  hours  brings  a  convection  gradient  and,  therefore,  an 
extension  of  the  moming  region  1  current  above  the  evening  region  1  current,  producing  the  overlap  found  in  the  statistical  patterns 
[151-  When  By  is  negative,  the  strongest  gradients  occur  on  the  dusk  side,  with  evidence  for  an  extension  of  the  moming  region  1 
current  into  the  dusk  hemisphere  as  a  region  0  current.  The  heavy  dashed  line  is  the  Harang  discontinuity,  which  runs  through  the 
evening  region  1  current.  Recent  analysis  has  shown  that  it  should  be  drawn  closer  to  the  high  latitude  boundary  of  the  current  region 
(R.  Fujii,  private  communication,  1988).  Recalling  the  AE  dependence  on  the  polar  cap  potential  (Figure  4),  as  a  substorm  subsides, 
the  potential  gradients  subside,  and,  therefore,  the  strengths  of  the  field-aligned  currents  lessen. 
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Figure  10.  Data  from  a  pass  of  DE  2  through  the  northern  auroral  oval 
at  about  20  MLT.  At  the  time  of  the  pass  the  IMF  had  a  negative  Bz 
component  and  a  slightly  positive  By  component.  A  small  isolated 
substonn  had  reached  its  maximum  phase.  The  magnetic  field 
perturbation  in  the  cast-west  direction  displayed  a  clear  region  1  and 
region  2  current  system  (top  panel).  The  north-south  electric  field 
component  showed  antisunward  convection  over  the  polar  cap.  a 
convection  enhancement  just  prior  to  15:04  UT,  and  a  negative  bay  of 
sunward  convection  at  lower  latitudes  (middle  panel).  The  electron 
spectrogram  for  electrons  with  15°  pitch  angle  in  the  lower  panel  shows  a 
polar  cap  nearly  devoid  of  precipitation,  a  wide  boundary  plasma  sheet 
(BPS)  inverted-V,  and  an  extremely  narrow  region  of  diffuse  central 
plasma  sheet  precipitation. 
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Figure  11.  Schematic  diagrams  of  the  regions  of  upward 
and  downward  field-aligned  currents  overlaid  on  slightly 
modified  versions  of  the  convection  patterns  shown  in 
Figure  3. 


For  periods  of  extreme  magnetic  and  auroral  quiescence,  an  identification  of  the  region  1  and  region  2  field-aligned  current 
system  disappears,  except  in  the  cusp  region  (14].  Even  there  they  appear  to  be  absent  in  mid-winter.  Field-aligned  currents  contin  je 
to  exist,  but  as  fine  structure  distributed  through  the  auroral  oval  and  over  the  polar  cap.  An  example  of  these  fine -structured  currents 
as  detected  by  the  magnetic  field  perturbations  appears  in  the  top  panel  of  Figure  8.  Note  the  excellent  correlation  with  the  electric 
field  variations. 


From  this  work  we  have  seen  how,  at  least  to  a  first  approximation,  we  can  interrelate  field-aligned  current  regions, 
convection  patterns  and  part  of  the  electron  precipitation  patterns  into  a  self-consistent  model,  and  associate  the  changing  patterns  at 
least  with  the  IMF  direction.  In  recent  analyses,  we  are  extending 
this  work  specifically  to  the  phase  and  location  relative  to  the 
substonn  auroral  enhancement  identified  by  the  auroral  images 
acquired  simultaneously  from  DE  1  (23).  Figure  12  contain';  an 
auroral  image  taken  during  the  maximum  phase  of  a  substorm,  and 
displays  a  bulge-type  auroral  expansion.  The  DE  2  spacecraft 
transited  the  bulge,  and  the  data  appear  in  Figure  1 3.  An  upward 
field-aligned  current  is  observed  in  the  poleward  portic  >  of  the 
bulge  and  seems  to  be  separated  into  two  components:  a  strong 
higher  latitude  current  associated  with  an  electric  field 
characteristic  of  the  polar  cap  (antisunward),  and  a  lower  latitude 
current  associated  with  the  auroral  oval,  or  sunward  convection 
region.  The  electron  precipitation  pattern  can  also  be  interpreted  as 
containing  two  regions  of  inverted- Vs.  Downward  currents  are 
observed  poleward  and  equatorward  of  the  upward  current,  the 
high  latitude  component  associated  with  the  convection  spike. 

Multiple  current  reversals  often  exist  within  the  bulge  region, 
evidenced  by  the  multiple  sign  changes  in  the  gradient  of  the 
magnetic  field  between  10:20  and  10:21  UT. 
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.An  analysis  of  27  passes  at  different  locations  with  respect 
to  the  bulge  has  produced  the  pattern  of  currents  shown  in  Figure 
14.  The  poleward  downward  current  and  convection  spike 


Figure  14.  A  schematic  diagram  of  the  large-scale  field- 
aligned  currents  and  convection  pattern  in  a  bulge-  type 
auroral  enhancement.  The  heavy  line  through  the  auroral 
belt  is  the  Harang  discontinuity. 
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become  smaller  and  disappear  both  westward  and  eastward  of  the  bulge,  leaving  only  the  usual  region  1  and  region  2  currents.  The 
heavy  line  through  the  auroral  belt  indicates  the  Harang  discontinuity,  the  division  between  counter-clockwise  (high  latitude)  and 
clockwise  (lower  latitude)  convection.  On  the  dusk  side  of  the  bulge,  nearly  all  currents  lie  within  the  sunward  convection.  The  wide 
region  of  average  upward  currents  within  the  bulge  usually  contains  multiple  currents  of  both  directions.  Currently  we  are  questioning 
whether  the  region  1  dusk-side  current  is  connected  continuously  with  the  dawn-side  region  2  current,  as  shown  in  the  statistical  studies 
117]  and  in  Figure  11.  The  details  of  the  convection  and  current  patterns  in  this  early  morning  portion  of  the  bulge  are  not  clear. 

FIELD-ALIGNED  POTENTIALS 

Before  investigating  in  detail  the  relationships  between  the  electrodynamic  parameters  in  auroral  precipitation  structures,  the 
subject  of  electric  potentials  along  magnetic  field  lines  will  be  discussed.  While  the  existence  of  some  type  of  potential  structure  along 
magnetic  field  line?  has  been  generally  accepted,  it  has  not  been  based  on  much  definitive  evidence.  These  potentials  are  a  form  of 
decoupling  between  the  magnetosphere  and  ionosphere.  The  two  most  important  studies  performed  with  data  from  the  DE  spacecraft 
made  use  of  the  unique  orbital  configuration  of  the  two  spacecraft:  the  high  and  low  apogee  coplanar  orbits,  which  provide 
simultaneous  measurements  of  aurorally  related  parameters  at  two  altitudes. 

Reiff  et  al.  [24]  evaluated  the  velocity  distributions  of  ions  and  electrons  acquired  nearly  simultaneously  at  two  altitudes 
approximately  along  the  same  magnetic  field  lines  to  test  for  the  effects  of  any  electric  fields  aligned  parallel  to  the  magnetic  field. 
They  used  three  techniques  to  estimate  the  potential  drop  between  the  two  spacecraft  when  DE  1  was  between  9,000  and  15,000  km 
and  DE  2  was  between  400  and  800  km: 

1 .  The  difference  between  the  peak  electron  energies  in  the  inverted-  V  electron  structure. 

2.  The  peak  energy  of  upward  flowing  ions  at  DE  1 .  No  upward  flowing  ions  were  observed  at  DE  2. 

3.  The  enlargement  of  the  atmospheric  loss  cone  formed  by  upgoing  electrons  as  they  are  decelerated  by  the  potential 
drop  below  DE  1 ,  but  above  DE  2. 


Of  course,  all  techniques  should  provide  the  same  values 
for  the  potential  should  all  effects  be  purely  electrostatic. 

Somewhat  surprisingly,  the  peak  ion  beam  energy  was  frequently 
30%  (and  in  one  case  70%)  less  than  the  potential  drop  below  DE 
1  as  derived  from  the  electron  distributions.  The  authors  did  find, 
however,  that  the  average  energy  of  the  ions  moving  parallel  to  the 
field  agree  better  with  the  electron  results.  An  example 
comparison  of  the  potentials  obtained  by  the  two  methods  using 
electrons,  and  the  average  ion  energy  is  shown  in  Figure  15.  DE 
1,  at  2.7  Re  was  above  or  nearly  above  the  acceleration  region,  so 
ed^v  =  ed>LC-  The  fact  that  all  three,  quite  independent  techniques 
yield  evidence  for  a  similar  shaped  potential  structure  of 
comparable  magnitude  is  possibly  the  best  proof  to  date  of  the 
existence  of  at  least  a  quasi-static  potential  structure.  The  fact  that 
the  average  parallel  ion  energy  rather  than  the  peak  energy 
correlated  best  with  the  energies  derived  by  the  two  electron 
measurements  has  led  to  the  conclusion  that  an  ion  heating  process 
is  involved  within  the  auroral  acceleration  region. 

Again  using  nearly  simultaneous  measurements  at  two 
altitudes  by  DE  1  and  DE  2,  Wcimer  et  aL  [25]  have  examined  the 
mapping  of  small  scale  structures  in  the  electric  field  along 
magnetic  field  lines.  They  plotted  the  measured  electric  fields, 
which  are  usually  perpendicular  to  the  magnetic  field  lines, 
projected  to  a  common  altitude  (Figure  16),  and  found  that  the 
large  scale  electric  field  is  the  same  at  both  altitudes.  Superposed 
on  the  large-scale  fields,  however,  are  small-scale  features  with 
wavelengths  less  than  100  km  which  are  larger  in  magnitude  at  the  higher  altitude.  Electric  field  spectra  from  a  Fourier  transform  of  the 
data  show  thai  the  magnitude  differences  depend  upon  wavelength  (Figure  1 7).  The  small  scale  variations  are  associated  with  field- 
aligned  currents  which  are  measured.  The  experimental  measurements  are  found  to  agree  with  a  steady  state  theory  which  postulates 
that  there  are  parallel  potential  drops  associated  with  the  variations  in  the  perpendicular  electric  fields.  Furthermore,  Fourier  transforms 
of  the  east-west  magnetic  component  measured  by  DE  1  and  the  north-south,  or  orthogonal,  component  of  the  electric  field  at  DE  2 
altitudes  are  found  to  be  nearly  identical,  with  the  ratio  giving  the  height  integrated  Pederson  conductivity.  The  conductivities  so  derived 
are  in  good  agreement  with  the  conductivities  calculated  from  the  electron  precipitation  measurements. 

These  two  separate  types  of  analyses,  one  using  charged  particle  data,  the  other  electric  field  data,  provide  rather  convincing 
proof  for  the  existence  of  at  least  quasi-static  electric  field  potentials  along  lines  of  magnetic  force  cn  scales  less  than  about  100  km,  or 
I®,  in  latitude. 

ELECTRODYNAMICS  OF  ELECTRON  PRECIPITATION  STRUCTURES 


Invariant  Latitude  (degrees) 
tot- •  l  Unhides  shifted  0  9  ) 

Figure  15.  Comparison  plot  of  the  field-aligned  potential 
inferred  from  three  independent  techniques  using  data  from  both 
DE  1  and  DE  2  during  a  magnetic  conjunction:  ed>rv,  from  the 
peak  energies  in  the  inverted- V  electron  precipitation  spectra 
measured  by  DE  2;  eO^c,  from  the  widening  of  the  loss  cone  of 
electrons  measured  by  DE  1;  <E>j,  from  the  average  parallel 
energy  of  upflowing  ions  measured  by  DE  1  (from  [24]). 


We  next  investigate  the  details  of  the  electrodynamic  relationships  in  electron  precipitation  structures.  In  preparing  the  paper  on 
field- aligned  aments  as  a  function  of  subnorm  phase  for  the  1AGA  meeting  [  19],  we  noticed  that  consistently  the  electric  field  showed 
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Figure  16.  Electric  fields  measured  by  DE  1  and  DE  2 
projected  to  a  common  altitude  for  near  simultaneous  pusses 
through  the  evening  auroral  oval  (DE  1  MLT  about  20.65, 

DE  2  MLT  about  20.9).  AT  is  the  time  DE  2  trailed  DE  1 
through  the  oval  (from  (25]). 

a  gradient  in  the  region  of  the  electron  precipitation,  or  upward  field 
aligned  current,  independent  of  the  scale  size  of  the  current  region,  local 
lime,  or  phase  of  the  substorm.  Of  course,  this  is  consistent  with 
Sugiura's  frequently  prevailing  coupling  mode  between  the  perturbation 
magnetic  field  and  the  electric  field  discussed  earlier.  Examples  of  two 
greatly  different  scale  size  events  are  seen  by  comparing  Figures  U)  and 
18.  The  case  in  Figure  10  has  a  size  of  about  250  km  and  comprises  the 
entire  evening  region  1  current.  The  two  structures  marked  in  Figure  IS 
extend  over  about  50  and  110  km,  and  exist  in  a  sequence  at  usual  polar 
cap  lantudes.  The  unmarked  negative  gradient  at  1 1:58:35  UT  has  a 
width  one  tenth  the  width  of  the  invened-V  in  Figure  10.  Many 
examples  of  this  pattern  can  be  seen  in  Figure  8  also.  Note,  however, 
that  for  the  case  in  Figure  10,  the  electric  field  tends  to  a  value  near  zero 
at  the  time  of  the  most  intense  electron  precipitation  ( 1 5:04:30  UT). 

Such  an  effect  has  been  reported  a  number  to  times,  especially  from 
sounding  rocket  observations  (26,  27.  28],  We  will  investigate  this 
effect  in  more  detail,  since  it  appears  to  deviate  from  the  correlation 
between  the  magnetic  field  perturbation  and  the  electnc  field. 

Data  from  an  event  similar  to  that  in  Figure  10  are  plotted  in 
Figure  19.  Again  the  entire  region  1  current  (positive  gradient  in  Bz) 
coincides  with  the  wide  invened-V,  which  displays  three  maxima  in 
energy.  During  the  entire  invened-V  the  electric  field  is  shoned  to  near 
zero.  A  convection  spike  occurred  at  the  high  latitude  edge  of  the  event, 
accompanied  by  a  weak  downward  current  At  the  low  latitude  edge  of 
the  shoned  region,  the  electric  field  plunged  negative,  and  recovered 
correlated  with  the  region  2  current  (negative  gradient  in  Bz),  but  not 
with  the  diffuse  central  plasma  sheet  (CPS)  precipitation,  which  barely 
existed.  By  evaluating  both  the  east-west  and  north-south  components 
of  the  perturbation  magnetic  field,  this  event  was  found  to  be  very 
nearly  aligned  to  the  geographic  latitude,  and,  therefore,  spacecraft 
coordinates  (recalling  that  the  orbit  of  DE  2  had  a  90°  inclination),  and 
could  be  considered  infinite  in  extent. 

We  investigate  the  applicability  of  the  coupling  mode  between 
AB  and  E  in  Figure  20,  which  instead  of  a  scatter  plot  of  the  correlation 
as  shown  in  Figure  9,  half  second  averaged  values  of  the  field 
components  are  plotted  and  connected  with  lines  to  follow  the 
contlanon  in  latitude  across  the  event.  The  plot  covers  the  enure  region 
where  the  gradient  of  E  is  negative,  including  the  shoned  region,  or  the 
region  1  current.  The  correlation  plot  has  three  segments,  the  initial  drop 
in  E,  the  shoned  region  where  the  magnetic  field  continues  to  decrease, 
and  the  final  plunge  of  the  electric  field.  The  heavy  straight  line  is  a 
least  squares  fit  to  the  data,  and  has  a  correlation  coefficient  of  0.59  It 
is  quite  apparent  that  this  correlation  is  meaningless,  and  while 
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Figure  17.  Electric  field  spectra  from  data  displayed 
in  Figure  1 6.  The  spectra  are  obtained  from  Fourier 
transforms  of  the  electric  field  data  between  65°  and  70° 
invanant  latitude.  The  ordinate  values  are  the  square 
root  of  the  "spectral  power  density”.  The  actual  units 
are  (mV/m)  km  (from  (251). 
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Figure  18.  Together  with  Figure  10,  examples  of 
negative  electric  field  gradients  with  various  scale  sizes 
coincident  with  upward  field-aligned  currents  and 
electron  precipitation  structures. 
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Figure  19.  Example  of  electric  field  shoning  in  a 
region  of  strong  electron  precipitation  near  magnetic 
midnight.  An  energetic  inverted- V  electron 
precipitation  structure  (bottom  panel)  between  19:43 
and  19:44  UT  has  maximum  energies  of  about  10  keV. 
Coincident  with  this  electron  precipitation  the 
ionospheric  electric  field  (north-south  component, 
center  panel)  shows  a  value  near  zero,  whereas  the 
negative  gradient  in  the  east- west  component  of  the 
magnetic  field  indicates  a  region  of  upward  field- 
aligned  current  (region  1 ). 


correlations  to  each  segment  individually  would  be  very 
high,  the  ratio  of  the  two  fields  (slope  of  the  fitted  curves) 
would  not  yield  the  height  integrated  Pederson  conductivity. 
We  find  that  the  correlation  between  AB  and  E  holds  only 
where  the  Pederson  conductivity  is  uniform,  i.e.,  where 
electron  precipitation  is  of  sufficiently  low  intensity  and/or 
energy  that  ionization  from  the  electrons  is  relatively  weak, 
and.  therefore,  does  not  modify  the  conductivity. 

To  investigate  this  type  of  nighttime  event  further, 
we  plot  in  Figure  21  (upper  panel)  the  two  components  of 
the  ion  drift.  The  north-south  component  remains  relatively 
steady  across  the  entire  event,  with  a  weak  equatorward 
drift  The  east-west  component  (corresponding  to  the  north- 
south  component  of  the  electric  field)  again  shows  the  high 
latitude  convection  spike,  then  a  strong  westward  drift 
equatorward  of  the  electron  precipitation  region.  The  lower 
panel  contains  three  calculations  of  electric  potentials,  the 

first  from  the  ionospheric  electric  field,  Oe  =  -Je(N-S)  dl 

(with  zero  potential  at  the  low  latitude  side  of  the  event). 

The  potential  increased  with  the  convection  spike,  remained 
constant  over  the  shorted  region,  and  rapidly  dropped 
towards  zero  in  the  region  2  cunem.  This  would  be  the 
potential  in  the  magnetosphere  also  if  the  magnetic  field  lines 
were  always  equipotentials.  However,  interpreting  the 
inverted-V  event  as  measures  of  the  field-aligned  potential 
we  need  to  add  this  potential  (d>rv)  to  the  ionospheric 
potential  to  obtain  the  magnetospheric  potential  as 
shown  in  Figure  21.  This  potential  has  extreme  gradients  or 
high  electric  fields  at  both  edges  of  the  inverted-V  pointing 
into  the  event  (div  E  <  0),  and  within  the  event,  the  electric 
field  would  show  three  regions  of  div  E  being  negative, 
corresponding  to  the  three  parts  of  the  inverted-V.  It  is  such 
magnetospheric  regions,  which  have  negative  space  charge, 
that  according  to  Lyons  (29,  301  are  the  sources  of  upward 
field-aligned  currents,  or  electron  precipitation. 
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Figure  20.  Correlation  plot  between  the  cast-west 
component  of  the  perturbation  magnetic  field  and  the  north- 
south  (orthogonal)  component  of  the  electric  field  for  the 
region  1  upward  field-aligned  current  region  in  Figure  19. 

A  least- squares  fit  to  the  data  is  shown  by  the  heavy  straight 
line,  which  has  a  correlation  of  0.59. 
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Figure  21.  Two  components  of  the  ion  convection  drift  (top  panel) 
for  the  event  in  Figure  19.  Three  electric  potentials  calculated  from 
the  electric  field  and  electron  precipitation  measurements  (bottom 

panel):  <X>e  =  -Je(N-S)  dl,  where  E  is  from  Figure  19  and  the 

potential  is  set  to  zero  at  latitudes  below  the  auroral  oval;  d>rv  is  the 
peak  energy  in  the  inverted-V  electron  precipitation  spectrum  in 
Figure  19,  which  assumes  the  electrons  were  accelerated  by  an 
electric  field  along  the  magnetic  fields;  d>l0ui  is  the  sum  of  these 
potentials  and  would  be  the  potential  in  the  magnetosphere. 
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Figure  23.  Electron  spectrogram  from  DE  2  obtained  from  a  pass  through  the  morning  auroral  oval.  The  uniform  precipitation 
between  100  eV  and  1000  eV  around  22:52  UT  is  the  diffuse  precipitation  (mantle  auroral  precipitation  |32|)  with  patches  of  higher 
energy  diffuse  precipitation  extending  to  22:54:30  UT  Beginning  about  22:53  UT,  electrons  with  energies  below  1(KK)  eV  display 
characteristic  structure,  and  end  at  22:55:30  UT  with  the  most  intense  event.  Polar  rain  then  extends  over  the  polar  cap.  1  he  middle 
panels  each  contain  8  seconds  of  electric  field  data  (north-south  component).  The  first  case  includes  the  time  of  the  intense  electron 
precipitation  event  and  shows  intense  fluctuations  and  a  large  shear  (negative  gradient);  the  second  case  taken  in  the  polar  cap  shows 
more  modest  fluctuations.  The  corresponding  density  fluctuations  appear  in  the  lower  panels  (from  |31 1) 
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A  summary  of  the  ionospheric  electrodynamics  for  this  type 
of  late  evening  auroral  oval  crossing  appears  in  Figure  22.  The 
satellite  emerged  from  the  polar  cap  where  the  electric  field  was 
weak  with  convection  predominantly  in  an  eastward  direction  (DE 
convection  pattern,  Figure  3).  It  encountered  the  convection  spike, 
but  the  direction  was  unchanged.  Upon  entering  region  1 ,  the 
convection  speed  went  nearly  to  zero,  but  changed  direction  to  be 
primarily  equatorward.  At  the  boundary  between  region  1  and 
region  2,  the  convection  speed  rapidly  increased,  and  the  direction 
changed  to  westward.  Thus  the  negative  divergence  in  the  electric 
field  produces  a  convection  reversal  (Harang  discontinuity),  but  the 
location  is  undefined  within  region  1. 

IONOSPHERIC  DENSITY  AND  ELECTRIC  FIELD 
IRREGULARITIES 

Associated  with  the  velocity  shear  regions  just  discussed,  the 
DE  2  measurements  show  considerably  enhanced  fluctuations  in 
both  the  ionospheric  F  region  and  topside  ionospheric  ion  densities 
and  electric  field.  Basu  et  al.  [31]  analyzed  data  from  rwo  dawn- 
side  passes  and  compared  fluctuation  spectra  in  the  regions  of  high 
velocity  and  modest  velocity  shears.  The  example  in  Figure  23 
contains  an  electron  spectrogram  taken  in  the  morning  auroral  oval. 
An  intense  velocity  shear  is  associated  with  the  last  significant 
electron  structure  at  22:55:30  UT  (middle  left  panel),  with  the 
electron  precipitation  commencing  with  the  maximum  positive 
electric  field  and  continuing  during  the  negative  gradient.  On  the 
other  hand,  the  fluctuations  in  the  electric  field  are  much  more 
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Figure  22.  Schematic  diagram  of  the  convection 
through  the  electric  field  shorted  event  of  Figure  19.  The 
width  of  the  convection  line  is  a  qualitative  indicator  of 
the  speed  of  convection.  On  either  side  of  the  region  1 
current,  which  is  coincident  with  the  energetic  electron 
precipitation,  the  convection  is  predominantly  parallel  to 
the  quasi-infinite  (east-west)  current  sheet,  and  of 
opposite  directions. 


modest  in  the  polar  cap  (middle  right  panel),  which  was  filled  with  polar  rain.  The  corresponding  ion  densities  are  shown  in  the  lower 
panels,  with  the  RMS  fluctuations  almost  three  times  larger  in  the  high  shear  region  compared  to  the  polar  cap.  Density  fluctuation 
spectra  and  electric  field  spectra  were  estimated  by  the  maximum  entropy  method  |31 1  for  periods  during  the  two  levels  of  electric  field 
fluctuations.  A  representation  of  the  types  of  spectra  found  are  shown  in  Figure  24.  The  observed  spectral  indices  for  both  the  AN/N 
and  AE  spectra  lie  around  -1.8  down  to  wavelengths  of  a  few  hundred  meters  in  regions  of  large  velocity  or  electric  field  shears.  At 
shorter  wavelengths  the  electric  field  spectrum  falls  more  rapidly,  similar  to  the  spectrum  during  moderate  shear  regions.  While  the  ion 
density  fluctuation  spectra  appear  unchanged  between  the  two  cases,  the  power  spectral  density  is  one  to  two  orders  of  magnitude  larger 
in  the  large  shear  regions  than  in  the  surrounding  regions  studied. 


CONCLUSIONS 


In  this  review  from  the  Dynamics  Explorer  program  pertaining  to  the  electrodynamic  coupling  between  the  upper  atmosphere, 
ionosphere  and  magnetosphere,  we  have  shown  interrelations  between  the  various  quantities  measured,  beginning  with  global  empirical 
models  of  convection  and  working  down  to  irregularities  with  scale  sizes  of  a  fraction  of  a  kilometer.  If  this  sequence  is  reversed,  we 


Figure  24.  Idealized  representation  of  the  two  categories  of  AN/N  and 
AE  spectra  observed  in  association  with  velocity  shears  in  the  auroral  oval: 
category  Sj  for  intense  shears  (-10  Hz),  and  category  for  moderate 
shears  (-1  Hz).  The  AN/N  and  AE  spectra  have  been  arbitrarily  separated. 
The  short  scale  length  ends  of  the  AN/N  spectra  are  shown  dashed  because 
of  uncertainty  in  power  spectral  density  estimates.  (From  129]). 
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can  see  how  the  global  patterns  of  ionospheric  irregularities  and  other  ionospheric  phenomena  might  be  monitored,  eventually  in  near 
real  time,  by  observing  the  auroral  oval  and  polar  cap  with  high  resolution  auroral  imagers. 

Ionospheric  irregularities  are  especially  intense  in  regions  of  electric  field  convection  shears,  which  are  closely  related  to  the 
dusk  hemisphere  field-aligned  currents  (Figure  25).  At  all  local  times,  there  appears  to  be  a  universal  relationship  between  regions 
where  div  E  <  0  and  electron  precipitation  structures.  Depending  upon  the  characteristics  of  the  electrons  bombarding  the  atmosphere, 
the  atmosphere  will  radiate  various  spectral  optical  emissions,  which  can  be  imaged  from  high  above  the  polar  caps,  with  temporal 
resolution  sufficient  to  follow  the  time -dependent  evolution  of  a  substorm.  An  analysis  of  the  images  taken  simultaneously  at  two  or 
more  wavelengths  can  yield  specific  information  on  characteristics  of  the  electron  precipitation,  from  which  ionospheric  conductivities 
can  be  calculated.  From  relationships  being  developed  between  field-aligned  currents  as  a  function  of  substorm  phase  and  MLT,  some 
information  on  the  location  of  region  2  field-aligned  currents  will  be  obtainable.  Working  through  the  characteristics  of  the  electron 
precipitation,  the  location  of  velocity  shears  will  be  identified,  which  provides  information  on  the  time-  dependent  global  pattern  of 
ionospheric  irregularities. 

Relations  Between  Ionospheric  Parameters 
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Figure  25.  Relations  between  ionospheric  parameters  which  indicate  that 
regions  of  ionospheric  irregularities  can  be  related  to  regions  of  auroral 
emissions,  which  can  be  imaged  globally  from  above  the  polar  caps. 


Admittedly  much  work  remains  to  allow  the  details  of  the  relationships  to  be  defined  over  the  myriad  of  conditions  which  the 
magnetosphere-ionosphere  coupling  processes  present  to  us.  However,  the  data  bases  exist  between  the  Dynamics  Explorer,  HIL  AT. 
VIKING,  radar  and  other  programs.  What  remains  is  many  years  of  analysis  with  the  resource  support  for  this  analysis. 


REFERENCES 

1.  Hoffman,  R.  A.,  editor.  Dynamics  Explorer,  Space  Sci.  Instrum.,  5,  1981.  pp.  345-561. 

2.  Frank,  L.  A.,  J.  D.  Craven,  K.  L.  Ackerson,  M.  R.  English.  R.  H.  Eather  and  R.  L.  Carovillano,  Global  auroral  imaging 
instrumentation  for  the  Dynamics  Explorer  mission.  Space  Sci.  Instrum.,  5,  1981,  pp.  369-393. 

3.  Frank,  L.  A,,  and  J.  D.  Craven,  Imaging  results  from  Dynamics  Explorer,  sub.  Rev.  Geophys.,  1988. 

4.  Kamei,  Toyohisa,  and  Tohru  Araki,  Data  Book  No.  10,  Data  Analysis  Center  for  Geomagnetism  and  Spacemagnetism.  Kyoto 
University,  Kyoto  606,  Japan,  Nov.  1984,  p.  2. 

5.  Rees,  M.  H.,  D.  Lummerzheim,  R.  G.  Roble,  J.  D.  Winningham,  J.  D.  Craven  and  L.  A.  Frank,  Auroral  energy  deposition  rate, 
characteristic  electron  energy  and  ionospheric  parameters  derived  from  Dynamics  Explorer  images,  sub.  J.  Geophys.  Res.  Jan.  1988. 

6.  Heppner,  J.  P.,  and  N.  C.  Maynard,  Empirical  high  latitude  electric  field  models,  J.  Geophys.  Res.,  92,  1987,  pp.  4467-4489. 

7.  Maynard,  N.  C.,  E.  A.  Bielecki  and  H.  F.  Burdick,  Instrumentation  for  vector  electric  field  measurements  from  DE-B,  Space  Sci. 
Instrum.,  5,  1981,  pp.  523-534. 

8.  Oliver,  W.  L.,  J.  M.  Holt,  R.  H.  Wand  and  J.  V.  Evans,  Millstone  Hill  incoherent  scatter  observations  of  auroral  convection  over 
60°<A<75°,  3.  Average  patterns  versus  Kp,  J.  Geophys.  Res.,  88,  1983,  pp.  5505-5516. 

9.  Alcayde,  D.,  G.  Caudal  and  J.  Fontanari,  Convection  electric  fields  and  electrostatic  potential  over  61°<A<72°  invariant  latitude 
observed  with  the  European  incoherent  scatter  facility.  J.  Geophys.  Res.,  91,  1986,  pp.  233-247. 

10.  Burke,  W.  J.,  D.  A.  Hardy.  F.  J.  Rich,  R.  C.  Sagalyn,  B.  Shuman,  M.  Smiddy,  R.  Vancour,  P.  J.  L.  Wildman,  M.  C.  Kelley, 
M.  Doyle,  M.  S.  Gussenhoven  and  N.  A.  Saflekos,  High  latitude  electrodynamics:  Observations  from  S3-2,  Space  Sci.  Rev.,  37, 
1984,  pp.  161-200. 

11.  Killeen,  T.  L.,  R.  A.  Heelis,  P.  B.  Hays,  N.  W.  Spencer  and  W.  B.  Hanson,  Neutral  motions  in  the  polar  thermosphere  for 
northward  interplanetary  magnetic  field,  Geophys  Res.  Lett.,  12,  1985,  pp  159-162. 


12.  Heelis,  R.  A.,  P.  H.  Reiff,  J.  D.  Winningham  and  W.  B.  Hanson,  Ionospheric  convection  signatures  observed  by  DE  2  during 
northward  interplanetary  magnetic  field,  J.  Geophys.  Res.,  91,  1986,  pp.  5817-5830. 

13.  Burke,  W.  J.,  M.  C.  Kelley,  R.  C.  Sagalyn,  M.  Smiddy  and  S.  T.  Lai,  Polar  cap  electric  field  structures  with  a  northward 
interplanetary  magnetic  field,  Geophys.  Res.  Lett.,  6,  1979,  pp.  21-24. 

14.  Hoffman,  R.  A.,  M.  Sugiura,  N.  C.  Maynard,  R.  M.  Candey,  J.  D.  Craven  and  L.  A.  Frank,  Electrodynamic  patterns  in  the  polar 
region  during  periods  of  extreme  magnetic  quiescence.,  sub.  J.  Geophys.  Res.,  1988. 

15.  lijima,  T„  and  T.  A.  Potemra,  Field-aligned  currents  in  the  dayside  cusp  observed  by  Triad,  J.  Geophys.  Res.,  81,  1976,  pp. 
5971-5979. 

16.  Zanetti,  L.  J.,  and  T.  A.  Potemra,  The  relationship  of  Birkeiand  and  ionospheric  current  systems  to  the  interplanetary  magnetic 
field.  Solar  Wind-Magnetosphere  Coupling,  edited  Y.  Kamide  and  J.  A.  Slavin,  Tokyo,  Terra  Scientific  Pub.  Co.,  1986,  pp.  547-562. 

17.  lijima,  T.,  and  T.  A.  Potemra,  Large-scale  characteristics  of  field-aligned  currents  associated  with  substorms,  J.  Geophys  Res., 
83,  1987,  pp.  599-615. 

18.  Hoffman,  R.  A.,  M.  Sugiura  and  N.  C.  Maynard,  Current  carriers  for  the  field-aligned  current  system,  Adv.  Space  Res.,  5,  1985, 
pp.  109-126. 

19.  Hoffman,  R.  A.,  and  M.  Sugiura,  Field-aligned  currents  as  a  function  of  substorm  phase,  IUGG/1AGA,  XIX  General  Assembly, 
1987,  abstract,  p.  589. 

20.  Fujii,  R.,  R.  A.  Hoffman,  and  M.  Sugiura,  Spatial  relationships  between  region  2  field-aligned  currents  and  auroral  particle 
precipitation  in  the  evening  sector,  EOS,  68,  1987,  abstract,  p.  1443. 

21.  Sugiura,  Masahisa,  A  fundamental  magnetosphere-ionosphere  coupling  mode  involving  field-aligned  currents  as  deduced  from 
DE  2  observations,  Geophys.  Res.  Lett.,  11,  1984,  pp.  877-880. 

22.  Bythrow,  P.  F.,  T.  A.  Potemra,  L.  J.  Zanetti,  R.  A.  Erlander,  D.  A.  Hardy,  F.  J.  Rich,  and  M.  H.  Acuna,  High  latitude  currents 
in  the  0600  to  0900  MLT  sector  observations  from  Viking  and  DMSP-F7,  Geophys.  Res..  Lett.,  14,  1987.  pp.  423-426. 

23.  Fujii,  R.,  R.  A.  Hoffman,  M.  Sugiura,  J.  D.  Craven,  L.  A.  Frank  and  N.  C.  Maynard,  The  field-aligned  current  system  associated 
with  the  bulge-type  auroral  expansion,  EOS ,  69,  1988,  abstract,  p.  445. 

24.  Reiff,  P.  H.,  H.  L.  Collin,  I.  D.  Craven,  J.  L.  Burch,  J.  D.  Winningham,  E.  G.  Shelley,  L.  A.  Frank  and  M.  A.  Friedman, 
Determination  of  auroral  electrostatic  potentials  using  high-  and  low-altitude  particle  distributions,  sub.  J.  Geophys.  Res.,  Jan.  1988. 

25.  Weimer,  D.  R.f  C.  K.  Goertz,  D.  A.  Gumett,  N.  C.  Maynard  and  J.  L.  Burch,  Auroral  zone  electric  fields  from  DE  1  and  DF  2  at 
magnetic  conjunctions,  J.  Geophys.  Res.,  90,  1985,  pp.  7479-7494. 

26.  Aggson,  T.  L.,  Probe  measurements  of  electric  fields  in  space.  Atmospheric  Emissions,  edited  by  B.  M.  McCoimac  and  A. 
Omholt,  New  York,  Van  Nostrand  Reinhold,  1969,  p.  305. 

27.  Maynard,  N.  C-,  A.  Bahnsen,  P.  Christopherscn,  A.  Egeland  and  R.  Lundin,  An  example  of  anticorrelation  of  auroral  particles 
and  electric  fields,  J  Geophys.  Res.,  78,  1973,  pp.  3976-3980. 

28.  Maynard,  N.  C.,  D.  S.  Evans,  B.  Machlum  and  A.  Egeland,  Auroral  vector  electric  field  and  particle  comparisons:  1.  Premidnight 
convection  topology,  J.  Geophys.  Res.,  82,  1977,  pp.  2227-2234. 

29.  Lyons,  L.  R.,  Generation  of  large-scale  regions  of  auroral  currents,  electric  potentials  and  precipitation  by  the  divergence  of  the 
convection  electric  field,  J.  Geophys.  Res.,  85,  1980,  pp.  17-24. 

30.  Lyons,  L.  R.,  Discrete  aurora  as  the  direct  results  of  an  inferred  high-altitude  generating  potential  distribution,  J.  Geophys.  Res., 
86,  1981,  pp.  1-8. 

31.  Basu,  Sunanda,  Santimay  Basu,  E.  McKenzie,  P.  F.  Fougere,  W.  R.  Coley,  N.  C.  Maynard,  J.  D.  Winningham,  M.  Sugiura,  W. 
B.  Hanson,  and  W.  R.  Hoegy,  Simultaneous  density  and  electric  field  fluctuation  spectra  associated  with  velocity  shears  in  the  auroral 
oval,  J.  Geophys.  Res.,  93.,  1988,  115-136. 

32.  Hoffman,  R.  A.,  Properties  of  low  energy  particle  impacts  in  the  polar  domain  in  the  dawn  and  dayside  hours,  in  Magnetosphere- 
Ionosphere  Interactions,  edited  by  K.  Folkestad,  Oslo,  Universitetsforlaget,  1972,  pp.  1 17-138. 

ACKNOWLEDGEMENTS 

The  excellent  manuscripts  of  the  articles  reviewing  the  scientific  results  during  the  first  five  years  of  operations  of  the  Dynamics 
Explorer  program,  which  were  provided  by  L.  A.  Frank,  J.  D.  Craven,  J.  L.  Burch  and  R.  A.  Heelis.  and  which  will  appear  in 
Reviews  of  Geophysics,  were  most  timely  and  useful  in  the  preparation  of  this  review.  J.  D.  Craven  specially  generated  Figure  1  for 
this  paper.  R.  A.  Heelis  and  W.  B.  Hanson  kindly  furnished  the  unpublished  ion  drift  data  in  Figure  7.  R.  M.  Candey  provided 
invaluable  computer  graphics  assistance.  The  use  of  several  figures  from  a  manuscript  in  preparation  by  R.  Fujii  is  gratefully 
acknowledged,  as  well  as  discussions  with  him.  The  unprecedented  level  of  collaborations  between  members  of  the  Dynamics  Explorer 
Science  Team  has  been  a  distinguishing  characteristic  of  the  program  and  the  principal  reason  for  the  successes  of  the  program. 


DISCUSSION 

T. Croft 

Have  you  looked  at  the  South  Pole?  If  so,  are  there  any  qualitative  differences? 

Author’s  Reply 

Yes,  I  have  looked  at  the  South  Pole.  There  are  no  significant  differences  from  the  standpoint  of  physics.  Differences 
exist  because  the  magnetic- to-geographic  pole  separation  is  greater  there,  and  because  the  North-or-South  B  field 
relationship  is  reversed. 
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ABSTRACT 

Convection  electric  fields  are  observed  with  the  EISCAT  European  Incoherent  Scatter  Common  Program  CP-3,  which 
probes  the  F:  region  of  the  auroral  ionosphere  between  6 1°  and  70°  invariant  latitude  for  24-hour  runs.  Average  convection 
patterns  have  been  calculated  from  ion  drift  data  gathered  in  several  tens  of  these  24-hour  experiments  conducted  between 
January  1 982  and  June  1 987.  for  various  levels  of  magnetosphcric  activity  and  orientation  of  the  interplanetary  magnetic 
field.  The  averaging  technique  is  presented  and  the  physical  meaning  of  our  criteria  for  selecting  the  data  samples  are 
discussed. 

Electrostatic  potential  distributions  are  computed  from  these  statistical  electric  field  modelv  using  the  method 
developed  by  Alcayde  et  al.  (JGR.  91 . 233.  1 986).  These  electrostatic  potential  patterns  are  compared  to  earlier  models 
obtained  from  incoherent  scatter  radar  or  satellite  data. 

Our  results  are  consistent  with  the  well-known  two-cell  convection  pattern  with  antisunward  flow  over  the  polar  cap. 
and  sunward  flow  in  the  auroral  zone.  The  characteristics  and  variability  of  these  two  cells  are  discussed  in  the  light  of  indices 
of  magnetosphcric  activity  and  orientation  of  the  interplanetary  magnetic  field.  Particular  emphasis  is  placed  on  the  shape 
and  position  of  the  two  cells,  and  on  the  intensity  of  the  dawn  to  dusk  potential  drop  applied  to  the  ionospheric  auroral  zone 
probed  by  the  radar. 


DISCUSSION 


Ci.Rostoker 

I  have  one  problem  with  treating  the  data  the  way  you  have,  particularly  in  the  vicinity  of  2200 -2400  universal  time 
when  you  are  taking  a  lot  of  data  and  putting  it  in  bins.  The  electrojets  and  the  convection  zones  move  back  and  forth 
with  varying  levels  of  magnetic  activity,  so  that  if  you  were  to  take  an  instantaneous  picture  I  think  the  probability 
is  very  high  you  would  have  much  larger  electric  field  vectors  in  that  critical  zone,  i.e.,  in  the  Harang  discontinuity 
just  before  midnight.  The  result  is  that  the  vectors  average  out  to  zero  in  the  binning  process,  and  you  get  very  small 
vectors  in  a  zone  which  I  am  sure  should  have  very  large  vectors  in  it.  1  suspect  the  reason  for  this  result  is  the 
movement  of  the  zone. 

Author’s  Reply 

I  think  you  are  correct. 
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LOW  FREQUENCY  ELECTROSTATIC  WAVES  OBSERVED  IN  THE  VICINITY 
OF  AN  AURORAL  ARC 
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ABSTRACT 

Measurements  of  the  electric  field  vector  from  d.c.  to  about  150  Hz  were  performed  on  board  the  CAESAR-11  payload. 
The  payload  flew  over  a  faint  localized  auroral  arc  associated  with  an  inverted-V  precipitation  event.  Equatorward  of  this 
auroral  disturbance  intense  electrostatic  low  frequency  signals  were  observed  with  fundamental  frequency  below  the  ion 
cyclotron  frequency.  These  signals  had  properties  of  wave  fields  of  ion-beam-driven  electrostatic  ion  cyclotron  waves  (EIC) 
described  by  Yamada  et  al.  [1],  The  spatially  or  temporarily  limited  occurrence  of  these  signals  may  give  an  indication  of 
the  distribution  of  ion  beams  or  field- aligned  currents. 

INTRODUCTION 

To  study  auroral  arc  physics  the  CAESAR-program  (Coordinated  Auroral  Experiment  using  Scatter  And  Rocket 
Investigations)  was  performed,  which  combined  high  resolution  in-situ  measurements  using  rocket- borne  instrumentation 
and  ground-based  scatter  observations  [2,3]  The  CAESAR  rocket  was  launched  on  January  30,  1985  at  19:30  UT  from  the 
Andoya  rocket  range  under  slightly  disturbed  conditions  over  a  faint  and  slowly  varying  auroral  arc.  The  payload  reached 
its  apogee  of  703  km  just  above  the  arc,  i.e.  the  trajectory  crossed  the  magnetic  field  lines  connected  with  the  arc  region 
near  its  apogee.  The  overall  activity  was  low  (Kp  =  3-,  Ap  =  17)  but  the  electron  spectrometer  data  from  the  payload 
clearly  showed  increased  particle  fluxes  for  electrons  with  a  typical  inverted-V  type  of  energy  distribution  between  410  s 
and  600  s  flight  time  [3]. 

The  electric  field  measuring  instrument  (a  floating  double  probe  system  utilizing  two  crossed  boom  pairs)  sampled  the 
three-dimensional  electric  field  every  3.2  ms  and  provided  d.c.  electric  field  data  and  a.c.  electric  field  fluctuations  with 
frequencies  up  to  about  150  Hz.  The  resolution  was  about  1  mV  m_1.  More  details  on  this  instrument  are  given  in  Ref. 
2-4. 

Synchronous  with  the  CAESAR  flight  the  EISCAT-systein  observed  the  plasma  drift  in  an  altitude  of  140  km  at  seven 
locations  of  a  south-north  scan.  From  such  drift  measurements  electric  fields  can  be  deduced.  Assuming  that,  electron- 
neutral  collisions  and  neutral  winds  are  negligible  the  electric  field  is  derived  from  Eq.  (1). 


(u  is  the  plasma  drift  velocity,  41?  is  the  Earth  magnetic  field.) 

Figure  1  shows  the  plasma  drifts  related  to  the  140  km  altitude  level  in  geographic  coordinates.  The  squares  lain  led  A 
-  G  indicate  the  locations  where  EISCAT  measured  the  plasma  drift  vector.  Th*1  dense  sequence  -f  vector  arrows  presents 
drift  velocities  calculated  from  CAESAR  electric  fields  assuming  pure  £xB  drift.  The  electric  fields  measured  along  the 
trajectory  are  mapped  down  the  Earth  magnetic  field  lines  to  the  altitude  of  140  km.  (The  foot  points  of  these  arrows 
represent  the  projected  trajectory  of  the  payload.)  The  full  dots  are  time  marks  every  100  s  flight  time.  South  of  the 
precipitation  region  (about  7l.8°)  both  data  sets  are  in  excellent  agreement  and  indicate  a  rather  uniform  strong  westward 
drift  corresponding  to  a  northward  directed  electric  field.  At  the  southern  boundary  there  is  a  well  defined  clockwise  vortex 
(between  the  EISCAT  positions  E  and  F  and  the  projected  trajectory  at  about  450  s  flight  time),  and  at  the  northern 
boundary  a  counter  clockwise  vortex  is  indicated  by  the  CAESAR  data. 

With  respect  to  the  Earth  magnetic  field  the  measurements  on  board  the  payload  cover  about  two  degrees  of  latitude 
south  of  the  precipitation  region  during  upleg.  The  downleg  of  the  trajectory  is  close  to  parallel  to  the  Earth  magnetic 
field.  During  the  rocket  flight  which  lasted  14  minutes  the  electric  field  configuration  was  stable. 

MEASUREMENTS 

South  of  the  auroral  arc  in  a  region  of  primarily  northward  directed  d.c.  electric  field  with  magnitude  of  up  to  55  mVm'1 
low  frequency  electrostatic  fluctuatior  were  observed.  Figure  2  represents  in  the  upper  panel  a  plot  of  the  d.c.  electric  field 
component  perpendicular  to  B  versus  flight  time  or  altitude.  This  is  the  data  used  to  calculate  the  plasma  drift  vectors 
plotted  in  Figure  1.  The  bottom  panel  shows  the  spectral  distribution  of  the  electric  field  component  parallel  to  B  of  the 
a.c.  electric  field.  Each  trace  represents  mis  values  averaged  over  10  Hz  wide  bands  and  one  spin  period.  The  occurrence 
is  impulsive  and  the  intensity  is  concentrated  in  the  frequency  band  below  30  Hz.  There  is  a  distinct  anticorrelation 
between  the  amplitudes  of  these  a.c.  electric  fields  and  the  flux  of  low  energy  (<  100  eV)  precipitating  electrons  measured 
onboard  the  payload  [3].  The  a.c.  magnetometer  on  board  the  CAESAR  payload  did  not  receive  corresponding  magnetic 
fluctuations,  thus  these  signals  are  pure  electrostatic.  The  a.c.  electric  field  components  perpendicular  to  B  (E±)  arc  less 
intense  than  the  components  parallel  to  B  (E||).  however,  show  similar  structure  in  time  and  frequency. 


ure  3  gives  an  imagination  of  the  variability  of  these  signals.  Each  curve  represents  the  squared  Fourier  transform 
of  the  electric  field  component  parallel  B  (as  in  Fig.  2)  of  one  full  spin  period  and  is  an  estimate  of  the  spectral  power 
density.  The  results  for  consecutive  spin  periods  are  plotted  versus  time  for  the  active  time  interval  from  200  s  to  400  s 
flight  time.  The  activity  vanes  as  already  seen  in  Figure  2  with  a  maximum  between  300  s  and  350  s  flight  time  and  a 
minimum  around  280  s  flight  time.  The  signals  are  short  living,  i.e.  they  last  shorter  than  one  spin  period  of  0.65  s,  and 
individual  spectra  vary  from  one  spin  period  to  the  other,  even  during  the  period  of  maximum  activity.  After  380  s  flight 
time  there  are  some  big  but  isolated  events. 

From  four  periods  of  different  activity  marked  by  the  arrows  in  Figure  2,  bottom  panel,  estimates  of  power  density 
spectra  for  all  three  components  with  respect  to  the  Earth’s  magnetic  field  are  presented  in  Figure  4.  Each  spectrum  is 
an  average  over  a  20  s  flight  time  interval  defined  by  the  numbers  at  each  trace.  The  signals  or  waves  are  predominantly 
polarized  parallel  to  f?.  Assuming  that  these  are  electrostatic  waves  they  propagate  also  primarily  parallel  to  B.  The 
spectral  power  density  peaks  in  the  20  -  30  Hz  band  in  all  of  these  cases  and  during  the  more  active  periods  there  is 
evidence  of  harmonics.  The  components  perpendicular  to  B  show  roughly  the  same  frequency  dependence,  however,  they 
are  a  factor  of  three  or  more  below  the  field  component  parallel  to  B. 

Figure  5  demonstrates  some  more  characteristics  of  these  waves.  Plotted  is  the  a.c.  signal  of  consecutive  spin  periods 
from  an  active  period  and  a  quiet  period.  Time  runs  from  bottom  to  top  and  to  the  right.  Each  of  the  vertical  traces  covers 
one  complete  spin  period  of  0.65  s  of  the  payload.  The  dotted  traces  represent  the  E\\  component,  the  dashes  represent 
magnitude  and  direction  fo  E±  in  a  compass  card  type  of  presentation  (north  is  tip  and  east  is  to  the  right). 

During  the  more  quiet  period  (421  -  426  s  flight  time)  the  wave  forms  occur  isolated  and  randomly  distributed  in  time 
indicating  that  the  sources  axe  either  temporal  or  local.  It  is  quiet  between  the  pulses.  There  is  also  no  correlation  with 
spin  phase  as  one  would  expect  to  exist  if  the  pulses  were  generated  by  some  interaction  of  the  payload  with  the  ambient 
plasma. 

During  the  more  activ  period  (350  -  355  s  flight  time)  there  are  also  prominent  wave  forms  of  similar  magnitude  and 
duration.  They  are  more  irregular,  probably  because  of  considerable  contribution  of  harmonics.  There  are  no  quiet  periods 
between  the  big  signals,  but  a  kind  of  background  noise  with  higher  fundamental  frequency  of  about  twice  that  of  the 
prominent  wave  forms. 

The  presentation  of  Figure  6  is  an  attempt  of  a  three  dimensional  display  of  the  electric  field  vector  as  seen  from 
the  rocket  payload.  Each  trace  uivun  one  spiu  pt-iiou  a:.-  the  signal  ;c  picvt'X!  for  3  periods  from  the  m  ue  quit-l 
region  at  the  end  just  south  of  the  arc  { the  first  5  traces  are  the  same  as  in  Figure  5  for  the  more  quiet  period).  It  clearly 
demonstrates  the  localized  occurrence  of  these  fields  embedded  in  a  low  intensity  background.  Tiiis  background  obviously 
is  not  just  noise  but  shows  significant  coherency. 

DISCUSSION 

In  the  polar  ionosphere  a  host  of  plasma  instabilities  can  be  generated  under  the  influence  of  current  systems  or  plasma 
density  gradients  and  electric  fields.  Most  of  these  observations  are  made  from  polar  orbiting  satellites  from  altitudes  above 
about  1000  km,  and  often  these  fluctuations  are  associated  with  auroral  arcs,  with  precipitating  particles  or  large  plasma 
density  gradients  close  to  arcs  [5-8j. 

In  the  case  under  discussion,  there  was  only  a  week  local  disturbance  with  a  faint  and  slowly  varying  arc,  and  the 
observed  electrostatic  fluctuations  were  observed  equatorward  of  that  arc.  Equatorward  of  discrete  arcs  where  often  diffuse 
aurora  is  observed  caused  by  low  flux  of  precipitating  particles.  Above  the  arc,  at  the  auroral  fieldlines,  where  often 
current  driven  instabilities  axe  observed,  no  electric  field  fluctuations  were  detected  in  the  frequency  range  covered  by  the 
instrument  (see  Fig.  1). 

Kindel  and  Kennel  [9]  identified  electrostatic  ion  cyclotron  (EIC)  wavs  as  the  mode  of  lowest  threshold  of  current 
driven  instabilities.  To  destabilize  EIC  waves  a  critical  electron  drift  velocity  t>c  of  the  order  of  the  thermal  velocity  with 
respect  to  the  ions  must  be  exceeded.  For  the  altitude  under  discussion  (300  km  -  700  km)  0+  is  the  dominant  ion,  and 
electron  temperature  Te  and  ion  temperature  T,  are  of  the  same  order  of  magnitude.  For  such  conditions  Kindel  and  Kennel 
[9J  deduced  the  real  part  of  the  wave  frequency  ur  to  be  slightly  above  the  gyrofrequency  ft,  (ft,  <  u>r  <  1.2  ft,),  and  the 
wave  vector  to  be  primarily  perpendicular  to  the  magnetic  field  (k±  «  10  fc||). 

The  gyrofrequency  of  0+  in  the  region  under  discussion  is  about  38  Hz.  The  maximum  growth  rate  of  O*  -  EIC  waves 
would  be  about  45  Hz  and  the  waves  should  propagate  nearly  perpendicular  to  B.  Of  course,  the  received  signals  are 
Doppler  shifted  because  of  the  payload’s  motion,  however,  this  effect  is  small  under  these  specific  conditions  and  cannot 
explain  the  discrepancy.  Furthermore  the  Doppler  effect  should  cause  a  widening  of  the  averaged  spectra  rather  than  a 
shift. 

Sucii  //+  -  EIC  waves  are  often  observed  by  satellite-borne  instruments  in  greater  altitudes  where  H+  dominates,  but 
not  much  data  is  available  from  below  1000  km  whre  O*  is  the  dominant  ion  [7,10.11) 

Waves  destabilized  by  the  gradient  drift  instability  also  propagate  perpendicular  to  both  B  and  the  gradient.  In  our 
case  the  wave  vector  is  primarily  parallel  to  B  and  the  waves  seem  to  be  localized,  thus  these  two  types  of  instabilities 
most  important  in  association  with  auroral  phenomena  cannot  adequately  explain  the  observations. 


Some  features  of  these  signals  as  the  main  field  direction,  their  typical  magnitude  of  ~  10  mV  m" 1  and  their  temporal  or 
spatial  occurrence  are  typical  for  solitary  waves.  However,  the  duration  of  solitary  waves  is  much  shorter,  a  few  milliseconds 
rather  than  the  60  -  SO  ms  of  the  wave  forms  under  discussion,  and  so  far  they  have  been  observed  only  at  much  greater 
heights  above  —  6000  km.  There  they  are  a  common  phenomenon  of  the  auroral  zone  high  altitudes  and  are  well  correlated 
with  upward  directed  substantial  field  aligned  currents  and  ion  beams.  As  seen  in  Figure  1,  the  wave  activity  is  observed 
south  of  main  precipitation  region  and  not  at  the  auroral  field  lines. 

Electrostatic  ion  cyclotron  instabilities  may  also  be  destabilized  by  ion  beams.  This  mechanism  has  been  investigated 
in  thejaboratory  [1,12*14}.  Yamada  et  al.  [1}  considered  a  Maxwellian  plasma  in  equilibrium  with  a  confining  magnetic 
field  B.  An  ion  beam  (with  the  beam  ions  the  same  as  the  target  ions)  was  injected  parallel  to  B.  If  the  beam  velocity 
u(,  is  larger  than  about  3  times  the  ion  thermal  velocity  u,  a  plasma  instability  within  the  beam  is  destabilized.  The  wave 
phase  velocity  of  this  cyclotron-cyclotron  mode  is  about  half  the  beam  velocity.  Yamada  et  al.  have  calculated  the  growth 
rates  of  this  instability  for  various  ratios  u^/v,.  The  instability  starts  with  u  about  half  the  ion  gyrofrequency  H,.  With 
increasing  beam  velocity  the  frequency  of  maximum  growth  rate  approaches  and  harmonics  occur  for  m,  >  5  •  r,.  The 
energy  of  the  beam  ions  in  our  case  would  still  be  less  than  1  eV.  The  plotted  curves  of  the  calculated  growth  rates  versus 
wave  frequency  resemble  very  much  the  power  spectra  of  the  observed  signals  under  discussion  as  shown  in  Figure  4. 

With  0+  the  dominant  ion  in  the  upper  ionosphere  under  discussion  and  Te  and  7)  of  about  1500  K  as  measured  on 
hoard  the  payload  the  ion  thermal  velocity  t><  is  about  1200  ms"1.  Assuming  a  beam  velocity  iq,  of  4-u;  or  about  4800  ms"1 
the  destabilized  cyclotron-cyclotron  mode  would  have  a  wave  phase  velocity  of  about  2400  ms-1,  a  fundamental  frequency 
about  u.1  cv  0.G  -  Q,  =  143  s“l  or  23  Hz  (frequency  of  maximum  growth  rate)  and  a  parallel  wavelength  of  about  100  m. 
The  fact,  that  the  resonant  waves  are  confined  to  the  interior  of  the  beam  is  also  in  accordance  with  the  spatial  or  temporal 
occurrence  of  the  signal  when  the  rocket  payload  crossed  such  a  beam.  The  observed  wave  forms  around  420  s  flight  time 
are  most  instructive  because  these  are  really  isolated  events  (Fig.  6). 

With  this  type  of  instability  the  observed  wave  forms  can  easily  be  described.  Given  an  ion  beam  of  ionospheric  ions 
moving  upward  parallel  B  with  the  cyclotron-cyclotron  mode  already  destabilized  and  assuming  a  frame  of  reference  moving 
with  the  wave  phase  velocity,  the  wave  appears  as  a  stationary  electric  field  configuration  or  space  charge  distribution.  Such 
a  situation  is  sketched  in  Figure  7.  The  cylinder  at  the  left  represents  the  ion  beam  with  a  very  simple  charge  modulation. 
In  this  frame  of  reference  the  payload  moves  along  the  dotted  line  and  samples  the  electric  field  as  displayed  at  the  right  A 
real  example  <>t'  an  observed  wave  form  from  the  more  quiet  period  shown  in  Figure  5  was  selected  and  the  beam  modulation 
was  drawn  to  fit  that  wave  form.  The  individual  three-dimensional  wave  forms  depend  on  the  geometry  of  the  trajectory 
with  respect  to  the  beam  centre  a.ul  the  wave  phase.  Each  observed  isolated  waveform  corresponds  to  a  close  fiybv  to  tin- 
centre  of  such  a  narrow  ion  beam.  The  deration  of  the  waveforms  is  typically  60  SO  ms.  During  this  time  the  payload 
moves  about  40  m  perpendicular  to  B .  thus  40  m  is  the  characteristic  beam  width  (t’i  •  SO  ins  =  540  ms"1  •  0.08  s  -  43  m). 
This  is  extremely  narrow  and  is  only  about  S  times  the  gyration  radius  of  the  0+  ions. 

In  the  more  active  region  its  displayed  in  Figure  5  the  events  are  of  the  same  magnitude  as  in  the  quiet  region,  may 
la*  more  often,  and  are  characterized  by  harmonics  (sec  Fig.  4).  In  the  proposed  scenario  this  means  the  ion  beams  are 
found  closer  and  their  velocity  uh  must  be  higher.  With  increasing  uj  the  frequency  of  maximum  growth  rate  approached 
the  cyclotron  frequency  of  the  ambient  plasma  and  the  beam  instability  is  heavily  damped  by  cyclotron  damping.  By 
this  mecli.  iiism  energy  is  transferred  from  the  beam  instability  to  the  ambient  plasma  and  ordinary  0+  -  EIC  waves  are 
generated  ami  fire  observed  as  the  background  fluctuation. 

As  mentioned  above  there  is  an  anticorrelation  of  the  electrostatic  wave  activity  with  the  low  energetic  particle  flux.  i.c. 
there  is  a  maximum  in  the  flux  of  electrons  of  <  300  eV  between  260  s  and  310  s  flight  time  whereas  there  is  a  minimum  in 
the  wave  activity.  Tims,  there  is  evidence  of  a  relation  between  particle  precipitation  and  the  generation  of  this  electrostatic 
plasma  instability  Furthermore  in  the  entire  region  with  wave  activity  there  was  a  substantial  perpendicular  electric  field. 
The  nonmiiform  flux  of  precipitating  energetic  electrons  causes  gradients  in  the  electron  density  of  the  lower  ionosphere 
and.  thus  gradients  in  the  Pedersen  and  Hall  conductivities.  Such  local  conductivity  gradients  together  with  the  high 
perpendicular  electric  field  (as  50  mV/m"1)  are  necessarily  related  with  corresponding  field-aligned  currents  (see  Eq.  2). 

jjl  =  HpdivEL  4-  E±  ■  gradEp  +  B  x  ELgrndE,u  (2) 

Er  and  E//  is  the  height -integrated  Pedersen  and  Hall  conductivity,  respectively. 

SUMMARY 

Electrostatic  burst-like  wave  fields  have  been  observed  south  of  a  faint  auroral  arc  in  altitudes  above  ~  400  km  with 
fundamental  frequency  of  about  half  the  gyrofrequency  of  0+  the  dominant  irn  at  that  height  in  the  ionosphere.  These 

ric  field  fluctuation**  had  properties  of  ion- beam  driven  EIC  waves  described  by  Yamada  and  colleagues  [l]  If  this 
t\  pe  .»f  plasma  instability  is  the  proper  explanation  for  the  observations  it  would  imply  that  very  narrow  and  localized 
field  aligned  beam**  of  upward  moving  ionospheric  ions  exist.  Such  beam  instabilities  may  develop  into  sobtary  waves  and 
double  layers  in  gren»ei  heights.  The  combinat:  >n  of  large  EL  and  localized  gradients  in  the  ionospheric  conductivity  due 
to  varying  precipitation,  may  explain  the  development  of  field -aligned  currents  carried  by  ionospheric  ions,  however,  the 
deduced  narrowness  of  th-  beams  still  remains  to  be  suspicious. 
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Figurv  i-  Plasma  drift  velocities  in  1-JO  km  alt: 
Hide  measured  by  EISC’AT  at  tin*  positions  A 
G.  and  those  derived  from  CAESAR  electric  field 
data  measured  along  »iu  trajcctoi\  and  mapped 
flown  along  the  Earth  magnetic  fit -hi. 


Figure  2.  Electric  fields  measured  along  the  CAESAE-Il 
t  rajectorv. 

To”  panel:  d.c.  electric  fiehl  compoiiom  perpendicular  to 
the  Earth's  magnetic  Held  D 

Bottom  panel.  Spectral  distribution  of  the  a.c  electric  fi**!d 
component  parallel  to  E  averaged  •  »vei  10  H/  wide  hands  in* 
define«>  hv  the  frequency  intervals. 


Figure  't  Esfi»'*J**es  I.‘  -  j  >/•«•»  I 1  pov.et  dens' *y  of  the  a  e.  electric  coniponp:.: 

parallel  B  versus  flight  time.  Each  individual  curve  is  the  squared  Fourier  transform  <  f 
the  E..  -ignal  for  succesMve  spin  periods  and  represents  an  estimate  of  spectral  power 
density  =  tri  arbitrary  units-',  lhe  spin  modulated  d.r.  component  has  !»*en  subtracted. 


Figure  4.  Estimates  of  power  density  spectra  of  the  a.c.  signal  aver 
aged  over  20  second  time  intervals  defined  by  the  numbers,  which  are 
also  marked  by  the  arrows  in  Fig.  2.  bottom  panel.  £i|.  E L,mth  and 
ELe„*t  indicate  the  spectra  of  the  electric  field  components  parallel, 
southward  directed  and  eastward  directed  with  respect  to  the  Earth 
magnetic  field 
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Figure  5.  Sections  of  received  a.c.  sig¬ 
nals  from  two  flight  time  intervals  with  high 
and  low  wave  activity.  From  each  period 
live  consecutive  full  spin  periods  are  plot¬ 
ted.  The  dotted  traces  represent  Z-  and 
the  dashes  represent  Ex  in  magnitude  and 
direction  with  respect  to  B. 


) 


i 


Figure  G.  3-dimensional  plot  of  the 
electric  field  vector  of  the  a.<\  sig¬ 
nals  versus  time.  Each  trace  rep¬ 
resents  one  spin  period.  CP  means 
upward  parallel  to  the  Earth  mag¬ 
netic  field  B ,  N  and  E  mean  north 
and  east  with  respect  to  B. 


Figure  7  Sketch  of  an  ion  beam  cylinder  with 
the  cyclotron-cyclotron  inode  destabilized.  A  simple 
c  harge  density  modulation  is  assumed  within  the  cylin¬ 
der  and  the  arrows  represent  the  associated  electric 
Held.  In  a  frame  of  reference  moving  with  the  wave 
I>H  aso  velocity  of  the  instability  the  payload  moves 
along  the  dotted  line  and  samples  the  electric  field  as 
plotted  at  the  right,  which  is  a  an  example  of  an  ob¬ 
served  wave  form. 
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DISCUSSION 


G.Rostoker 

Do  vo'i  have  particle  spectra  (distribution  functions)  for  this  pass?  I  would  like  to  know  if  the  flux  versus  energy  plots 
showed  a  drifting  Maxwellian  (representative  of  the  bps)  or  power  law  (representative  of  the  cps)  signature.  I  ask  this 
question  because  it  seemed  that  at  your  highest  frequencies  there  was  no  noise — thus  I  am  not  sure  you  are  seeing  a 
true  inverted  'V”  structure  with  ail  the  properties  attributed  to  inverted  “VV  by  Frank  et  ai. 

Author’s  Reply 

The  particle  s  ctra  clearly  show  faintly  narrow  secondary  peaks  in  the  electron  flux  indicating  acceleration  along  IJ 
typical  for  inverted- V  events.  I  he  electric  field  measuring  instrument  is  frequency  band  limited  to  /  <  A  <  0  H^.  It 
does  not  detect  higher  frequency  wave  fields  associated  with  inverted  Vs.  The  low  frequency  electrostatic  wave  fields 
described  were  detected  south  of  the  arc  outside  the  inverted- V  region.  (There  only  soft  precipitation  100  eV  was 
measured  ) 
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ABSTRACT 

Polar  F  lacunae,  a  loss  of  F-region  echoes  by  the  vertical-incidence  ionosondes  are  re-investigated.  The  DUMONT 
D'URVILLE  series  including  rapid-run  sequences  suggest  the  existence  of  three  distinct  classes  of  lacuna.  Combining  these 
morphological  descriptions  with  some  specific  observations  by  backscatter  radar,  incoherent  scatter  meridian  scans,  angle- 
of-arrival  ionosonde  measurements  and  VIKING  satellite,  we  suggest  a  dual  mechanism  for  the  propagation  loss  causing 
lacunae.  This  consists  in  a  fine  E— F  sporadic  screen  structure  sometimes  identical  to  the  OLESEN  “SEC"  phenomenon,  and 
of  F-region  fronts  about  300  km  wide  which  tilt  the  scattered  ionosonde  waves  away  from  the  captation  cone  of  the 
ionosonde  receiving  antenna.  The  scant  physical  measurements  available  for  this  study  allow  us  to  propose  an  unifying 
model  for  the  front  and  screen  formation,  which  needs  checking  up  with  more  co-ordinated  data. 


RESUME 

On  redefinit  les  lacunes  polaires,qui  s'apparentent  a  un  defaut  de  propagation  des  ionosondes  verticales.  frequent  aux 
heures  de  jour  a  Pinterieur  de  la  calotte  polaire  d'ete.  Une  approche  empirique  des  traces  d’ionogrammes  indique  deux 
mecanismes  complementaires  de  cette  perte  d  echos,  lies  a  deux  types  de  structures  distincts: 

(A)  La  structure  fine  d ecran  dispersif  —  consideree  a  ('exclusion  de  toute  autre  par  le  groupe  Danois  —  lice  a  une  mince 
couche  d'instabilite  double-faisceau  vers  1 1 0  km,  ou  “SEC".  Ce  modele  ne  permet  pas  d'expliquer  les  lacunes  F2.  les 
plus  frequentes  aux  latitudes  polaires,  et  on  suggere  que  Peffet  d  ecran  peut  etre  attribue  aux  irregularites  R-sporadiqucs 
produites  par  gradient  derive  entre  11 5  et  1 55  km  dans  la  vallee  d’ionisation  entre  les  couches  F.  et  F 1 . 

(B)  Le  phenomene  de  reflexion  oblique  in  situ  sur  des  fronts  d'cchelle  200  a  500  km  horizontale,  qui  deflectent  le  signal 
hors  de  la  zone  de  captation  de  Pantenne  receptrice.  propose  par  Michel  Svlvain. 

Les  parts  respectives  de  ces  deux  phenomenes  varient  scion  les  classes  de  lacunes,  dont  on  indique  les  principals 
caracteristiques  d'occurrence,  de  duree  de  vie  et  de  traces  diffuses  a  DUMONT  d'URVILLE  ( Antarctique).  Quelques 
mesures  d'incidence  oblique  revelent  Pexistence  de  la  convexite  (B)  Grace  a  quelques  donnees  synoptiques  du  satellite 
VIKING,  on  relie  les  hypotheses  precedentes  aux  schemas  theoiiques  sur  l  entretien  des  arcs  et  des  fronts  de  plasma  de  la 
calotte  polaire  calme.  II  est  suggere  que  la  double  structure  de  fronts  F2  et  d  ecran  E-Fl  peut  etre  la  consequence  dune 
meme  precipitation  deposant  des  electrons  de  faiblo  energie  a  des  altitudes  hasscs  dc  la  couche  F2.  dont  la  structure  fine 
d’instabilites  de  gradient  x  derive  se  projette  par  diffusion  dans  la  vallee  E-F 1 . 


INTRODUCTION 

Definition 

F  lacuna  is  a  total  disappearance  of  the  vertical  incidence  ionogram  echoes  from  a  whole  F  layer,  be  it  the  F I .  the  F2 
layer  or  the  entire  F  region  —  in  which  case  we  call  it  F3  lacuna.  It  is  exclusively  a  summer  daytime  phenomenon  of  the  inner 
Polar  Cap  ionosphere. 

“Slant  E  Conditions” 

The  above  definition  is  disputed  by  the  Danish  Group  at  Copenhagen  who  first  documented  a  particular  case  of  F 1 
lacunation  (Olesen  and  Rybner  1 958  1 1 J)  named  Slam  E  Condition:  indeed  during  active  periods  at  auroral  polar  cap 
latitudes  the  Slant  Sporadic  E  trace  is  often  —  but  not  always  —  accompanied  by  a  “damping"  of  the  FI  layer  echoes, 
however  generally  incomplete.  The  1958  paper  interpreted  brilliantly  this  damping  as  diffractive  loss  by  a  screen  of  type  1 
instability  irregularities  at  lower  E  layer  level.  But  this  interpretation  cannot  stand  for  all  FI  lacunae,  and  becomes  very 
difficult  for  the  F2  types  of  lacuna. 

The  present  paper  is  an  attempt  at  clarifying  the  controversy,  and  towards  a  solution  of  the  lacuna  riddle,  which  will 
help  us  make  full  use  of  these  phenomena  for  a  better  understanding  of  Polar  Cap  dynamics  and  electrodynamics.  In  our  first 
section,  we  analyse  lacuna  occurrence  from  low-Sun-spot  activity  periods  at  Dumont  d’Urville  (67*  S.,  1 40°  F...  80. 5° 
Invariant  Latitude):  we  outline  the  hourly  occur icnce  and  describe  in  more  detail  a  series  of  rapid-run  sequences  obtained  in 
1975  (M.C.Lecomte,  unpublished),  completing  the  high  Sunspot  activity  picture  (Sylvain  et  al.  1978  [2|). 

Our  second  section  reviews  recent  results  about  the  SEC-F 1  lacuna  geometry,  from  the  Halley  Bay  advanced 
ionospheric  sounder  (A.Roger  and  M.Pinnock  |3|).  We  compare  their  interpretation  with  that  from  experiments  in 
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Greenland  combining  the  Danish  ionosondes  and  HF  backscatter  radar  with  meridian  scans  from  the  Sondrestromfjord 
incoherent  scatter  facility  (Olesen  et  al.,  |4J,  Kelly  et  al.  |5|). 

In  a  third  section  we  show  a  few  Viking  satellite  U.V.  images  of  auroral  and  polar  arcs.  These  pictures,  obtained  while 
lacuna  conditions  existed  on  the  vertical  iortosoude  at  Qanaq  (Thule,  77.5'N,  69*W;  s89*  Invariant  Latitude)  reveal  the  great 
variability  of  auroral  conditions  associated  with  the  lacuna  phenomenon. 

In  the  light  of  these  data  we  discuss  in  a  fourth  section  the  theoretical  contributions  to  the  plasma  structures  producing 
lacunae.  We  appeal  to  the  International  community  for  the  joint  use  of  already  existing  experiments:  the  ionosonde  network 
and  the  Oanak  digi sonde,  the  Sondre^tromfjord  incoherent  scatter  sounder  and  possibly  aeronomic  polar  satellites,  which 
would  definitely  solve  the  polar  F  lacuna  riddle. 


I  -  DUMONT  D'URVILLE  LACUNA  OCCURRENCE 
Hourly  data 

Figure  2  shows  the  month-by-month  number  occurrence  for  1 980—198 1 :  we  plot  separate  curves  for  the  three  types  of 
days  w  ith  only  one  class  of  lacunae,  either  F 1 ,  F2  or  F3,  and  for  the  mixed-class  type  FI  +  F2  days.  They  show  identical 
trends  with  a  maximum  at  summer  solstice.  Figure  3  shows  the  cumulated  diurnal  curve  for  all  months  together,  peaking  very 
near  magnetic  noon,  with  a  slightly  earlier  rise  in  the  F2  class;  for  First  lacuna  observed  in  the  morning  during  mixed-class 
day  s  is  an  L2.  especially  on  quiet  periods;  this  suggests  a  simpler  set  of  conditions  during  these  early  local  times  when  the  F2 
layer  plasma  is  only  driven  by  steady  convection,  and  structured  by  low-energy  electrons. 

A  statistical  index  has  been  derived  which  measures  for  each  individual  day  the  departure  of  the  number  of  lacunae 
from  monthly  average.  Its  distribution  in  function  of  the  relevant  magnetic  characters  is  revealing:  FI  lacunae  by  themselves 
are  limited  to  the  least  magnetically  active  and  least  lacuna  crowded  days.  This  is  exactly  the  opposite  during  high  Sunspot 
activity  years  when  magnetosphere  and  ionosphere  plasma  contents  are  larger;  we  suggest  that  penetration  at  E-Fl  levels  by 
the  particle  fluxes  requires  higher  energy,  hence  higher  magnetic  activity  at  Sunspot  maximum.  In  the  same  occurrence 
change  versus  magnetic  activity  domain,  F2  lacunae  cover  a  wide  range  of  average  conditions,  while  F3  cases  become  more 
frequent  with  higher  —  non  storm  —  magnetic  activity.  During  strong  magnetic  disturbances,  all  ionogram  traces  disappear 
bv  D  region  absorption  Black-Out.  often  preceded  by  strong  sporadic  E  occultation  due  to  KeV  energy  particle 
precipitation. 

We  have  re-considcred  as  critically  as  possible  the  basic  work  of  Sylvain  et  al  |2j,  and  satisfied  ourselves  by  frcqiu 
checks  on  the  data  about  the  frequent  existence  of  F2  lacuna  as  free  from  "impeachment"  G  condition  of  the  F2  laver  peak 
f„F2  <  f„F  1 . 
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Figure  3  Cumulated  diurnal  distribution 


A  simple  study  of  partial  lacunarity  versus  true  lacuna  reveals  that  although  lacuna  F  traces  vanish,  the  plasma  density 
overhead  does  not:  it  is  slightly  distorted  in  the  FI  valley  where  the  conditions  of  transition  between  collisions  with  neutrals 
and  gyromagnetic  field-aligned  paths  for  the  ions  v,n  =  or,  are  reached.  At  F  layer  heights  the  plasma  can  also  be  modulated  at 
hundreds  of  km  scales,  and  transitions  from  underdense  to  overdense  F2  layer  peak  affect  F2  and  F3  lacunae,  as  wc  will  see 
later.  The  statistical  comparison  has  been  made  for  a  typically  crowded  month,  October  1 974. 

For  this  sample  Figure  4a  shows  the  percentage  plot  of  all  F  region  ionogram  parameters  across  altitude  space  (hourly 
data)  replaced  by  Y  symbols: 

—  at  08.  LT.  55%  lacunarity  cases  affect  the  F2  layer 
29%  full  F2  lacunae  are  present 
16%  complete  F3  lacunae  arise. 
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Figure  4 

(a)  Percentage  field  of  lacunation  (Y  symbols  —  no  echo  observed)  on  the  October  1 974  hourly  scalings  at  Dumont 
d’Urville  interpolated  in  virtual  height,  versus  Local  Time,  from  the  three  parameters:  — fc  *  peak  frequency  M MXH,  * 
midlayer  profile  shape  characteristic  — h'  —  minimum  virtual  height 

(t,  Percentages  of  full  lacunae. 


On  Figure  4b  the  same  plots  for  Lac  FI  and  Lac  F2  are  smoothed  up  for  the  two  grades  of  phenomena: 

(a)  partial,  or  lacunarity 

(b)  full  lacuna. 

Both  corolla-like  patterns  have  similar  shape,  only  with  higher  densities  in  (a);  also  (a)/(b)  ratios,  larger  than  4  during 
post-sunrise,  drop  under  2  from  about  07  to  14  LT.  Owing  to  the  monotonic  electron  density  variation  in  E  layer,  this  non- 
gradual  change  seems  to  reveal  a  specific  state  associated  with  lacunae,  which  are  relatively  more  frequent  than  would  be  a 
simple  prolongation  of  partial  lacunarity.  This  state  is  seen  earlier  in  LT  and  more  drastically  in  F2  lacunae. 

What  is  it?  All  the  data  suggest  that  FI  lacunae  are  accompanied  by  an  underlying  screen  of  irregularities:  sometimes 
the  1 10  km  SEC  structure  of  Olesen  et  al,  |4]  more  often  a  high-altitude  sporadic  E  with  possibly  a  faint  trace  when 
embedded  inside  the  E-Fl  valley  of  ionization.  For  F2  lacunae,  the  Syvain  model  of  convex  iso-ionic  surfaces  appears  also 
necessary.  The  various  grades  of  lacunarity  would  result  from  the  geometrical  conditions  of  the  propagation.  This  semi- 
artefact  character  of  lacunae  would  well  correspond  with  the  near  verticality  of  the  magnetic  lines  of  force  for  the 
high-altitude  screen,  and  with  the  polar  cap  plasma  transport  for  the  F2  layer  tilts. 

At  this  stage  we  must  take  into  account  the  instrumental  overall  gain  of  the  sounding  system  which  modifies  lacuna 
threshold.  The  differences  between  instruments  are  real,  but  modern  ionosonde  receivers  are  tuned  to  similar  sensitivity  in 
order  to  reveal  the  spreading  against  background  noise  without  being  too  often  saturated.  In  this  respect  the  technical 
constraints  at  Dumont  d’Urville  and  Thule  are  less  stringent  than  those  of  near-auroral  latitude  stations  like  Godhaven  or 
Narssarsuaq  where  multiple-scale  spreading  must  impose  fine  gain  tuning. 


Figure  5 

Rapid-run  sequences 

Lacuna  duration 

Figure  5  gives  homemade  spectra  of  the  lifetimes  of  all  lacuna  events  with  one  separate  curve  per  class  of  lacuna.  It 
shows  much  shorter  durations  than  expected  from  quarter-hourly  series.  For  FI  lacunae  the  main  peak  is  on  5  minutes .  with 
a  secondary  maximum  on  30  minutes:  even  another  peak  at  less  than  one  minute  is  detected.  The  F2  lacuna  distribution  is 
smoother  with  a  maximum  around  1 7  minutes  extending  over  23  minutes.  The  L3  distribution  shows  a  double  population: 
one  centred  on  the  5  minute  L 1  peak  and  a  broad-band  of  long-lived  events  in  the  1  -to-3  hours  domain. 

Obviously  the  short-lived  cases  must  be  dominated  by  recombination  processes  near  1 20  km  altitude,  while  the  hour- 
long  durations  correspond  to  the  cumulative  effects  of  convective  transport  from  the  local  noon  area  to  the  site.  Less  obvious 
is  the  mechanism  maintaining  F2  lacuna  for  nearly  20  minutes  if  an  underlying  screen  at  110  km  is  the  only  responsible.  We 
have  to  find  maintenance  processes  for  this  screen  in  the  L3  case  anyway. 

Precise  lacuna  occurrence 

The  two  periods  used,  8  days  at  the  end  of  November  and  7  days  in  December  were  quite  different  for  the  auroral 
conditions;  this  gives  significance  to  simple  averages  through  the  sample.  The  results  are  given  in  Table  I.  They  give  a 


weighted  description  for  the  lifetimes,  and  an  idea  of  the  change  from  1 975  to  1 980,  when  corresponding  daily  averages 
numbers  were  only  half  as  much. 

With  such  short  characteristic  times,  rapid  sounding  sequences  prove  necessary  for  catching  up  the  generation  process. 
The  E-Fl  desity  gap  traduced  by  (f0Fl  —  f0E)  shows  a  consistent  decrease  of  5  to  20%  immediately  before  lacunae,  which 
lasts  during  F2  lacunae.  The  vertical  true  height  extent  of  the  valley  increases  at  the  same  time;  this  can  be  explained  if  the 
valley,  flattened  in  density  and  extended  in  height  becomes  liable  to  cross-field  distortion. 


TABLE  I  Average  lifetime  and  daily  occurrence 


LI 

L2 

L3 

Duration  minutes 

7.3 

14.4 

26.3 

Number  per  day 

2.6 

2.7 

2.9  TOTAL  =8 

Figure  6 


II  -  NEW  EXPERIMENTS 
The  Advanced  Ionospheric  Sounder 

Alan  Rodger  and  M.Pinnock  |3j  evaluate  angles  of  arrival  with  their  array  of  dipoles  at  Halley  Bay  at  various  elevation 
angles.  They  sometimes  observe  slant  sporadic  E  with  FI  lacuna  —  when  the  aurora!  oval  has  expanded  sufficiently  far 
equatorwards.  During  the  development  of  a  lacunarity  event  on  26  September  1 982  their  residual  echoes  came  from 
northern  (equatorward)  azimuths  under  gradually  lower  elevation  angles.  They  concluded  in  favour  of  a  combined 
mechanism  1*)  the  slant  sporadic  E  irregularities  scatter  obliquely  the  upgoing  waves;  2*)  the  tilted  Fl  reflector  sends  the 
sounding  waves  away  from  the  site.  This  appears  as  a  one-case  confirmation  of  the  Sylvain  hypothesis  about  ray  defocusing 
by  F  region  patches  during  lacuna. 

These  results  have  been  disputed  by  J.K.Olesen  [6j  who  prefers  to  restrict  all  lacuna  processes  to  Slant  E  Conditions 
alone  and  all  slant  E  to  his  new  model  with  electric  field  structures  generated  by  heat  depositions  at  low  E  region  level.  He 
favours  quasi-vertical  propagation  with  diffractive  “damping”  through  the  slant  sporadic  E  array  of  irregularities.  However 
his  last  study  (J.D.Kelly  et  al.  |5])  shows  sporadic  E  reinforced  patches  detected  by  the  incoherent  scatter  scans  under  the 
large-scale  F  region  billows  of  undcTdense  to  overdensc  plasma  travelling  from  polar  to  equatorial  azimuths  over 
Sondrefjord. 

Although  much  too  scanty  and  related  to  partial  iacunation,  these  precious  data  point  out  to  the  same  dual  picture  of 
the  E-Fl  dispersive  screen,  with  a  “blob”  or  patch  convex  F  layer  structure  tilting  the  propagation,  as  intuitively  suggested  by 
our  Dumont  d’Urville  series.  TTie  26  September  event  at  Halley  Bay  was  probably  an  F3  Iacunation.  Conversely, 

J.K.  Olesen  may  be  right  for  some  Fl  lacunae  about  non-oblique  propagation. 


At  Dumont  d'Urville  we  have  been  able  to  approach  the  abrupt  formation  of  an  F3  lacuna  on  1 3  February  I  *4X2.  Figure 
ft  is  a  true  height- versus- time  plot  of  equal  plasma  density  curves  across  the  event  of  22. UT  ± 20  minutes.  Here  the  tilts 
preceding  lacuna  were  so  clear  that  the  oblique  traces  could  be  followed  through  the  2(H)  km  to  450  km  range  of  heights 
during  nearly  30  minutes,  and  the  upper  FI  layer  trace  was  also  semi-oblique. 

The  precise  dynamics  are  still  missing. 

Lacuna  probing  needs  Incoherent  scatter  radar  scans  to  the  extreme  ranges  Northward  from  Sondretjord.  and 
Digisonde  simultaneous  tracking  fo  the  F.-Fl  structures  and  gradients  around  Qanaq. 


HI  -  POLAR  ARCS  AND  LOW  ENERGY  PARTICLES  SYNOPTICS 

We  have  fortunately  received  some  Viking  UUra-Vtolet  pictures  covering  the  polar  cap  at  times  nearly  coincident  w  ith 
lacuna  observations  on  Thule  lonogratns  (we  owe  much  gratitude  to  Dr  J.K.Olesen  for  having  been  able  to  peruse  them  in 
(  openhagen  two  years  ago).  We  describe  these  Viking  pictures  and  some  data  recorded  together  on  hoard  of  the  satellite 

2ft  July  ldXft  is  a  steady  active  day  (Ap  20.  kp  has  risen  from  the  day  before  to  an  average  3*)  I  hule  magnetogram 
shows  regular  pel  pulsations  of  200  to  300  s.  period  and  a  few  nT  altitude,  modulated  by  persistent  larger  oscillations  of 
quasi'period  40  ±  20  minutes  and  50  to  100  nT  amplitude. 

The  Thule  ionogram  show  a  background  of  spurs  and  spread- F  echoes  indicating  strong  local  ionisation  gradients  o| 
minor  amplitude,  waving  and  waning  from  OS. 30  to  20.00  l.T.  This  background  suddenly  changes  to  give  way  to  a  lacuna 
sequence  from  shortly  before  12.00  l.T  to  13.00  L  IT—  14.50  to  1ft.  It)  UT). 

Four  Viking  maps  were  selected,  from  positions  of  the  satellite  line-of-forcc  closest  from  Thule  fot  near  lacuna  tunes. 

1 3.45.  14.00.  1 7.55  and  1S.I0  UT.  The  stable  feature  on  these  maps  is  a  thin  day  side  are  of  continuous  weak  intensity . 
without  cleft  gap,  located  near  the  75“  invariant  latitude  circle.  It  remains  shrouded  on  its  North  and  South  sides  by  a  much 
wider  and  weaker  diffuse  luminosity;  the  Viking  investigators  at  Calgary.  Drs  J.S.Murphree  and  R  D.l  Iphinstonc  Jo), 
attribute  this  diffuse  light  to  cloud  contamination:  however,  additional  arc  branches  come  out  ot  it  on  the  1 4. no  C  l  picture: 
later  on.  a  series  ol  thin  arcs  develop,  "parallel  to  the  noon  oval  and  move  toward  the  pole,  fading  within  a  couple  of 
minutes".  The  Calgary  authors  mention  that  Dr  Ci.Arkiit.son  ( I nj  has  interpreted  these  short-lived  featmes  as  originating  Horn 
the  plasma  mantle  boundary  region  during  an  “X  line  magnetospherie  merging  process  near  noon,  from  I  335  to  1  >4  I  .md 
near  1400  and  1X22  I  T. 

July  2"  loxft.aday  of  relatively  decreasing  activity  (Ap  —  1ft.  average  kp  4  in  the  morning  down  to  2  in  the  afternoon 
C  l  inters  »K » slums  more  substorm-likc  negative  bays.  100  n  |  deep  on  the  D  and  1 1  components  .it  Thule,  less  intense  at 
(todhaven  I  he  mam  lacuna  event  starts  shortly  before  14.30  UT  and  lasts  until  2  f.00  (  1. 

I  he  Viking  pictures  are  too  crowded  for  a  clear  distinction  of  anv  discrete  features.  1  low  ever  on  lire  i  ft.fto  5"  map.  ihe 
satellite  was  flowing  overhead  of  Thule  line-ot  force  footprint,  on  the  poleward  edge  of  an  inner  band  ol  I  ast-\\  cst  patches, 
the  Viking  electric  field  sensor  enters  a  dynamic  spiky  area  20  minutes  before  lacuna:  this  long  F2  lacuna  senes  seems  to  be 
•elated  to  the  stable  hand  ol  sun-eastward  patches  which  are  probably  sweeping  the  inner  side  ot  the  afternoon  convection 
cell.  Intense  electron  fluxes  of  Iftti  to  "ftfteV  energies  arose  at  1ft. 10  l:T  .  about  20  minutes  before  the  lacuna  I  he  Vikina 
particles  detectors  recorded  narrow  ion  comes  with  upgoing  electrons,  eharaeteristie  ot  parallel  currem  circuits 

By  the  end  of  the  1.2  event  at  Thule,  the  satellite  approchcd  Northern  ( ireenland  again  between  20  I  7  and  20.40  C  l 
I  fovvever  the  nearer  polar  brightness  was  a  faint  distant  patch.  T  he  low  energy  particle  fluxes  recorded  equatorward  of  the 
bright  auroral  are.  in  the  100  to  500  eV  energy  band  were  not  surely  present  on  the  Thule  line  of  force  but  the  upward 
accelerated  elections  and  the  upgoing  ions  seem  to  characterize  double* layer  plasma  beams.  T  he  earth  magnetic  field  was 
becoming  very  weak,  while  the  IBM  By  component  started  increasing  eastwards.  By  this  time  it  cannot  be  decided  whether 
the  F2  layer  was  experiencing  a  (»  situation,  or  it  some  tilted  structure  remained  overhead.  l  acuna  sequences  are  much 
better  understood  on  more  frequent  schedules:  ground-based  soundings  with  oblique  direction-of-arriva!  would  have  helped 
clearing  up  the  situation. 

2X  July  I  VJKft  is  a  quiet  day  { Ap  =  V.  kp  average  —  2.0)  The  satellite  flies  poleward  at  about  1 4.00  UT  across  a  well- 
developed  dayside  are  on  75’  magnetic  latitude.  The  l  -V  imager  detects  a  large  patch  growing  on  either  edge  of  this  are  near 
the  I  1.00  l.T  meridian.  Inside  the  polar  cap  the  prccipilatin*'  population  llux  densities  are  practically  nil.  Indeed  the  polar 
patch  coincides  with  a  typical  polar  plasma  blob  surging  antisunvvard  into  the  morning  side  of  the  cusp  towards  the  polar 
area. The  question  remains  of  what  maintains  the  F2  lacuna  during  the  following  three  hours;  lor  these  hours.  Sondrc’jord 
incoherent  scatter  meridian  scans  would  probably  tell  how  the  blob  source  mechanism  subsisted. 

These  few  cases,  an  incomplete  sample  of  the  physics  of  F 2  lacuna  environment  still  leave  many  questions  unanswered. 
Hnwevci  the  precise  Viking  UV  maps  confirm  in  their  variety  the  model  derived  from  the  previous  morphological 
soundings:  F2  lacunae  are  associated  with  clear  discontinuities  or  arc-like  plasma  structures  of  the  polar  ionosphere,  within  a 
range  of  quite  different  geophysical  configurations. 


On  2ft  July  I  dXU.  unstable  Northward-traveling  arcs. 
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—  On  27  July  1986,  an  apparent  meander  of  the  afternoon  convection  cell  border  probably  due  to  a  resonant  growth  o*‘ 
substorm  distortion  across  the  oval. 

—  On  28  July  1 986.  an  anti-sunward  moving  discontinuity  identical  with  the  quiet  time  blob  of  the  plasma  convection 
models. 

The  common  topology  in  these  various  signatures  is  a  locally  stable  gradient  structure  of  the  K  region  plasma. 
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SUMMARY 

The  numerical  and  computational  merging  of  the  University  College  London  Global 
Thermospheric  Model  and  the  Sheffield  University  Ionospheric  Model  has  produced  a  self- 
consistent  coupled  thermospheric  /  Ionospheric  model,  a  valuable  diagnostic  tool  for 
examining  thermospheric  /  ionospheric  Interactions.  The  neutral  thermospheric  wind 
velocity,  composition,  density,  and  energy  budget  are  computed,  Including  their  full 
interactions  with  the  high- latitude  ion  drift  and  the  evolution  of  the  plasma  density.  A 
series  of  simulations  has  been  performed  at  high  solar  activity,  for  a  level  of  moderate 
geomagnetic  activity,  for  each  of  the  June  and  December  solstices,  and  positive  and  negative 
values  of  the  IMF- BY  component.  In  the  winter  polar  region,  ion  transport  and  the  diurnal 
migration  of  the  polar  convection  pattern  Into  and  out  of  sunlight  play  a  major  role  in  the 
plasma  density  structure  at  F-region  altitudes.  In  the  summer  polar  region,  an  increase  in 
the  proportion  of  molecular  to  atomic  species,  created  by  the  global  seasonal  thermospheric 
circulation  and  augmented  by  the  geomagnetic  forcing,  controls  the  plasma  densities  at  all 
Universal  Times.  The  increased  destruction  of  F-region  ions  in  the  summer  polar  region 
reduces  the  mean  level  of  ionization  to  similar  mean  levels  seen  in  winter,  despite  the 
’ncreased  level  of  solar  insolation.  In  the  winter  polar  region  at  300  km  the  dominant  ion 
is  kj*  :  in  s  Unimex  molecular  and  0+  ions  are  of  similar  number  densities.  The  summer  ion 
temperature  at  300  km  exceeds  the  winter  values  by  500K,  due  to  change  in  neutral 
temperature.  In  the  lower  thermosphere  auroral  oval  the  ion  density  Is  dominated  by  auroral 
precipitation  in  both  seasons,  resulting  in  only  a  small  seasonal  dependence  in  the  height 
integrated  Joule  heating  rate  and  f ield - al igned  current'  (FAC).  Within  the  polar  cap,  solar 
io.\iratlo».  generates  a  large  seasonal  variation  of  conductivity,  producing  a  threefold 
ir crease  In  peak  Joule  heating  rates,  changing  the  balance  of  FAC.  Neglect  of  neutral  winds 
i*.:reases  dusk  sector  Joule  heating.  Most  of  the  neutra'  and  electrodynamic  parameters 
considered  ■‘Iso  Lave  strong  1MF-BY  dependence. 


INTRODUCTION. 


This  review  will  summarise  recent  advances  in  the  development  of  coupled  numerical 
models  of  the  terrestrial  thermosphere  and  ionosphere  system.  The  behaviour  of  the  high 
latitude  regions  will  be  the  major  topic,  since  that  is  where  the  influences  of  the 
magnetosphere  are  most  strongly  imprinted.  The  present  status  of  the  development  of  coupled 
models  of  the  solar- terrestrial  system  will  also  be  discussed,  identifying  the  major 
outstanding  problems  of  concept  and  theory. 

At  all  times  and  at  alL  geomagnetic  activity  levels,  the  magnetosphere  imprints 
unmistakeable  signatures  upon  the  high- lat itude  thermosphere  and  ionosphere,  The  regions  of 
such  imprints  recede  poleward,  away  from  areas  of  significant  population,  and  thus 
historical  observations,  when  the  magnetosphere  is  in  a  'quiescent'  state.  However,  recent 
global  observations  from  satellites,  and  new  ground-based  polar  cap  observatories  have  shown 
clearly  that  ionospheric  structures,  and  thermospheric  winds,  temperature  and  composition 
are  persistently  disturbed  in  the  vicinity  of  the  auroral  oval  and  within  the  geomagnetic 
polar  cap.  These  disturbances  are  always  co-located  with  signatures  of  energetic  particle 
precipitation  and  convective  electric  fields,  or  else  represent  ’’fossils"  of  strong  forcing 
during  the  previous  l  -  24  hour  period. 

A  survey  of  the  nature  of  the  magnetospher ic  input  and  consequent  thermospheric  and 
ionospheric  response,  from  quiet  to  very  disturbed  conditions,  will  thus  be  presented.  The 
auroral  oval  generally  expands  equatorward  and  broadens  as  the  level  of  geomagnetic  activity 
increases.  This  expansion,  broadening  and  an  intensification  of  auroral  precipitation  is 
well  shown  in  statistical  surveys  and  analyses  of  the  energetic  electron  precipitation 
/1,2/.  These  statistical  surveys  complement  the  Impression  obtained  from  individual 
observations.  As  shown  by  analyses  of  polar  plasma  convection  /3-5/,  the  regions  of  strong 
magnetospheric  convection  electric  fields  imprinted  on  the  polar  ionosphere  undergo  a 
similar  and  closely  related  equatorward  expansion  and  intensification  as  magnetospheric 
activity  increases.  From  the  point  of  view  of  numerical  modelling,  it  is  critically 
important  that  convection  and  precipitation  boundaries  match  with  reasonable  fidelity, 
particularly  if  t ime -  dependent  simulations  for  variable  geomagnetic  activity  are  to  be 
performed.  Convection  electric  fields  drive  ionospheric  plasma,  within  the  auroral  oval  and 
polar  cap,  to  velocities  of  the  order  of  l  km/sec.  The  ions  impart  momentum  to  the  neutrai 
gas  via  'ion  drag',  at  the  same  time  losing  a  little  of  their  net  (E  *  B)  velocity,  creating 
the  dissipative  Pedersen  ionospheric  current  component,  which  causes  Joule  heating.  If 


there  is  to  be  any  effective  energy  or  momentum  transfer  from  the  sober  wind,  via  the 
magnetopause  and  magnetosphere  to  the  ionosphere  and  thermosphere,  A/C  and  D/C  components  of 
the  field-aligned  current  (FAC,  or  Birkeland  current)  are  required.  Such  magnetospheric 
currents  are  associated  with  the  dissipative  Pedersen  current  within  the  auroral  ionosphere 
(component  parallel  to  the  ionospheric  electric  field).  Both  the  FAC  and  the  Pedersen 
currents  within  the  auroral  ionosphere  intensify  sharply  as  geomagnetic  activity  Increases. 
The  efficiency  of  momentum  transfer  and  the  Joule  heating  both  increase  linearly  with 
ionospheric  plasma  density.  Since  Joule  heating  almost  always  considerably  exceeds  direct 
particle  precipitation,  knowledge  of  the  ionospheric  plasma  response  to  precipitation  is 
particularly  important.  The  poia"  regions  which  display  the  imprints  of  these  important 
phenomena  of  magnetospheric  origin  also  show  a  wide  range  of  other  disturbances.  These 
disturbances  produce  a  range  of  characteristic  signatures  in  the  charged  and  energetic 
particle  populations,  the  AC  and  DC  electric  and  magnetic  fields,  and  the  optical  aurora. 
However,  for  the  moment,  we  will  concentrate  on  those  phenomena  which  have  the  most  direct 
connection  to  excitation  of  the  thermosphere . 

It  is  very  important  to  recall  that  the  classical  ground-based  signatures  of  intense 
auroral  substorms:  strong  short  negative  magnetic  excursions,  brilliant  aurorae  and  riometer 
observations  of  absorption  events,  are  only  a  small  part  of  the  sequence  of  phenomena  which 
cause  strong  ionospheric  and  thermospheric  disturbances  during  geomagnetically  disturbed 
periods.  Indeed  the  signatures  of  the  most  important  momentum  and  energy  sources  for  the 
thermosphere  are  difficult  to  sense  except  by  satellite  or  ground-based  remote  sensing.  For 
these  reasons,  major  thermospheric  and  ionospheric  disturbances  are  often  poorly  related  to 
classical  indices  such  as  Kpu  and  AE,  which  are  dominated  by  the  magnetic  effects  of  Hall 
currencs  during  auroral  substorms.  Pedersen  currents  more  accurately  reflect  the  intensity 
of  momentum  and  energy  transport  from  the  magnetosphere,  but  these,  and  the  FAC  system  are 
poorly  reflected  in  ground-based  magnetic  perturbations. 

The  signature  of  increasing  geomagnetic  activity  is  intensification  of  convective 

electric  fields  and  precipitation,  and  an  equatorward  expansion  of  the  regions  affected 
(i.e.  the  auroral  oval).  These  features  also  imply  that  FAC,  Joule  heating  and  ion-drag 
wind  acceleration  all  Increase.  The  temporal  and  spatial  variability  of  all  of  the 
previously-mentioned  terms,  broadly  speaking  -  'geomagnetic  forcing'  -  therefore  increases, 
particularly  at  very  high  activity  levels.  Disturbances  of  the  lower  regions  of  the 

ionosphere,  up  to  the  normal  E-region  peak  near  105-120  km,  respond  directly  to  'auroral' 
inputs.  However,  strong  E-regLon  winds  induced  by  ion- drag  forcing  generate  a  back-EMF 
opposing  the  convection  electric  field.  At  higher  levels  of  the  thermosphere  and 
ionosphere,  the  situation  becomes  much  more  complex.  Large  scale  advection  and  convection 
forced  upon  the  thermosphere  by  geomagnetic  heating  causes  the  F-region  neutral  gas 
composition  to  change  dramatically.  There  may  be  a  very  strong  enhancement  of  molecular 
nitrogen  density,  and  a  corresponding  depletion  of  atomic  oxygen  density.  Coupled  with 

dynamical  effects  on  the  F-region.  resulting  from  strong  induced  horizontal  winds,  the 

ionospheric  response  to  magnetospheric  forcing  becomes  very  complex  and  non-linear.  Direct 
interpretation,  without  understanding  the  detailed  neutral  atmospheric  response  in  the  polar 
regions,  is  virtually  impossible.  Global -scale  disturbances  within  the  thermosphere  follow 
initial  high-latitude  geomagnetic  forcing.  Propagating  waves,  and  the  consequences  of  gross 
wind-driven  compositional  changes  have  truly  global  consequences  for  the  thermosphere ,  and 
force  some  very  large,  and  long- lasting ,  disturbances  of  the  ionosphere.  During  major 

geomagnetic  disturbances,  the  decay  of  energetic  particles  from  the  ring  current,  probably 
mainly  energetic  ions  / 6/  appears  to  directly  cause  low-latitude  disturbances  of  the 
thermosphere  and  ionosphere  -  the  negative  ionospheric  storm.  This  process  is,  however, 

still  rather  difficult  to  include  in  a  coherent  and  self -consistent  model  of  the  entire 
coupled  Solar  -  Terrestrial  system. 

To  understand  the  thermosphere,  it  is  necessary  to  cope  with  the  fragmentary  nature  of 
available  emplricaL  data.  A  major  feature  of  the  data  on  any  parameter  is  that 
thermospheric  variations  are  large.  Many  perturbat ions  can  be  related  to  'regular'  diurnal 
or  seasonal  variations,  to  solar  activity  or  geomagnetic  activity  factors,  or  to  lower 
atmosphere  tidal,  gravity  or  planetary  wave  disturbances.  However,  the  combination  of 
sources,  the  unpredictability  of  several  of  the  largest  sources,  the  large  magnitude  of 
their  induced  perturbations,  and  the  non-linear  Interaction  between  many  of  their  effects 
cause  the  thermosphere  to  often  appear  quite  chaotic.  Thermospheric  climatology  is 

predictable,  but  thermospheric  'weather'  can  only  be  predicted  by  the  likely  magnitude  of 

disturbances  in  certain  regions,  and  within  certain  time  periods.  In  particular, 

magnetospheric  driving  forces  are  complex,  and  the  response  of  the  stratified,  always 
changing,  thermospheric  fluid  is  complex  and  non-linear.  There  are  also  a  number  of  poorly 
understood  feedback  mechanisms  involving  the  plasma  of  the  ionosphere,  embedded  within  and 
originating  from  the  thermospheric  fluid.  Numerical  models  provide  a  global  framework 
incorporating  the  basic,  we  1 1 -understood ,  mechanisms  and  phenomena.  Such  models  need  to  be 
global  and  t ime -  dependent  to  be  useful,  since  that  is  the  nature  of  the  thermosphere.  Since 
we  are  not  sure  our  understanding  of  all  the  thermospheric  driving  forces  is  complete,  and 
our  empirical  description  of  the  temporal  and  spatial  dependence  of  even  the  major  solar  and 
magnetospheric  driving  forces  is  stllL  quite  inadequate,  numerical  models  have  to  be  used 
wisely.  They  provide  a  good  means  of  predicting  the  mean  structure,  and  of  the  qualitative 
and  quantitative  variations  caused  by  seasonal  changes  and  by  solar  activity  variations. 
The  general  form  of  major  large-scale  thermospheric  disturbances,  the  signatures  of  major 
magnetospheric  disturbances,  can  be  simulated  quite  well. 

However,  numerical  models  have  to  be  used  carefully  in  the  prediction  of  thermospheric 
meteorology,  particularly  when  smalL-scale  and  short-period  disturbances  are  of  interest. 
This  is  not  particularly  due  to  any  problems  of  the  models  themselves,  but  simply  reflects 
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our  lack  of  meteorological  Information  on  the  variations  of  the  magnetosphere,  through  which 
most  solar  wind  Inputs  are  imparted,  directly  or  otherwise,  to  the  thermosphere. 

Numerical  simulation  of  the  thermosphere  from  first  principles  requires  that  the  most 
important  physical  processes  occurring  within  the  thermosphere  are  properly  treated  /7-11/. 
It  can  be  assumed  that  most  of  the  energy  and  momentum  sources  driving  the  thermosphere  ere 
predetermined,  and  invariant  to  the  response  of  the  thermosphere.  The  thermosphere  does  not 
determine  the  nature  of  the  solar  UV  and  EUV  inputs  which  provide  important  heat  and 
ionisation  sources.  However,  the  thermosphere  does  react  strongly  to  forcing.  The  major 
responses  in  wind,  temperature  and  composition  of  the  polar  thermosphere  to  ion  convection 
and  heating  within  the  auroral  oval  and  polar  cap  are  now  well  documented  by  ground-based 
and  spaceborne  observation  /12-15/.  Some  of  these  thermospheric  responses  may  change  the 
nature  or  magnitude  of  the  forcing  itself.  Vhile  this  review  will  concentrate  on  external 
thermospheric  forcing  from  the  magnetosphere,  it  should  be  noted  that  significant  effects, 
particularly  in  the  lower  thermosphere,  occur  from  Internal  forcing  from  the  lover 
atmosphere,  as  a  result  of  the  combination  of  tidal  waves,  gravity  waves  and  planetary 
waves.  The  first  can  be  handled  numerically  within  a  thermospheric  model  by  introducing  a 
'flexible'  lower  boundary,  where  self-consistent  changes  of  wind  and  temperature  correspond 
to  the  amplitudes  and  phases  of  specific  propagating  tidal  modes.  The  actual  propagation  of 
such  tides  through  the  lower  and  middle  atmosphere  is  not  simulated  by  such  a  procedure, 
however,  the  amplitudes  and  phases  of  several  modes  can  be  adjusted,  by  experiment,  until 
the  results  within  the  lower  thermosphere  correspond  to  observed  variations  of  tidal  phases 
In  temperature  and  wind  (etc)  as  functions  of  altitude,  season  and  latitude.  It  is  found 
as  would  be  expected,  that  the  relatively  large  amplitudes  of  observed  tidal  winds  in  the 
lower  thermosphere  can  be  successfully  simulated  by  introducing  such  propagating  tides. 
This  is  not  possible,  if  only  the  in- situ  generated  tides  are  considered.  Additionally, 
large  non-linear  interactions  occur  between  the  individual  propagating  tidal  modes 
themselves,  and  between  them  and  the  in-situ  tides.  Vhile  these  studies  still  have  to  be 
considered  as  experimental  (since  the  real  tidal  and  meteorological  behaviour  of  the  middle 
atmosphere  is  ’(till  virtually  unknown),  these  studies  /16/  do  provide  a  very  useful  Insight 
into  the  complexities  of  the  thermosphere. 

The  fundamental  influences  of  the  magnetosphere  on  the  thermosphere  come  from 
magnetospheric  plasma  convection.  This  convection  drives  plasma  into  rapid  motion  within 
the  polar  cap  and  auroral  oval.  The  structure  and  variability  of  polar  convective  fields 
were  not  well  understood  until  the  late  1960s  and  1970s,  with  the  advent  of  rocket  and 
satellite  measurements  of  ion  drifts  and  electric  fields  /3,4/.  These  rapid  plasma  motions 
accelerate  thermospheric  winds  via  the  process  commonly  known  as  ion  drag  /17/. 

The  resulting  ion-neutral  frictional  drag  causes  direct  heating  of  both  ions  and 
neutrals,  commonly  known  as  Joule  heating  /18.19/.  Induced  winds  may  Increase  or  decrease 
(but  generally  decrease)  the  ion  drag,  and  the  resulting  frictional  heating.  The  induced 
winds  (or  more  correctly,  changed  winds,  since  there  in  always  a  complex  wind  system  in 
existence  prior  to  a  given  geomagnetic  disturbance)  may  induce  a  ’back-EMF',  opposing  the 
initial  magnetospheric  convective  electric  field.  This  wind  system  (subtly  modified  by  gas 
pressure  changes  due  to  neutral  heating)  will  also  induce  ion  drifts  (or  changes  In  ion 
drifts)  parallel  to  the  local  magnetic  field.  Such  ’parallel’  Ion  drifts  will  also  induce  a 
field-aligned  electron  flow,  to  maintain  quasi-charge  neutrality.  Thus  the  entire  vertical 
plasma  distribution  will  respond  to  wind  changes,  an  effect  which  becomes  Increasingly 
important  at  greater  altitudes.  This  change  of  ion  density  distribution  will  modify  Che 
consequent  ion  drag  on  the  neutrals,  and  thus  the  wind  acceleration  terms,  and  finally  the 
winds  themselves.  Since,  in  the  vicinity  of  the  auroral  oval  and  polar  cap,  there  are 
always  various  contra- f Lowing  streams  of  field-aligned  thermal  and  supra-thermal  particles, 
it  is  difficult  to  identify  the  net  FAC  by  direct  observation.  Yet  it  is  the  net  flow  which 
powers  the  magnetosphere  -  thermosphere  forcing  process,  and  variations  of  this  field- 
aligned  flow  caused  by  feedback  processes  are  important,  but  necessarily  second  order 
changes,  and  thus  difficult  to  observe  directly. 

Large  changes  of  upper  thermospheric  composition  are  induced  by  combined  advection  and 
convection,  resulting  from  strong  thermospheric  heating  In  the  polar  regions.  These 
composition  changes  (and  specifically,  enhanced  concentrations  of  molecular  nitrogen)  are 
particularly  pronounced  at  F-region  heights  during  geomagnetic  storm  periods  and  within  the 
summer  geomagnetic  polar  region.  Enhanced  concentrations  of  molecular  nitrogen  cause 
significant  depletions  of  F-region  plasma  densities  by  greatly  Increasing  the  effective 
recombination  coefficient,  while  the  ionisation  rates,  due  to  the  combination  of  solar 
photoionisation  and  auroral  precipitation,  arc  only  slightly  charged. 

At  E-region  altitudes.  Induced  neutral  wind  changes,  particularly  those  caused  by  Ion 
drag,  generally  oppose  the  external  magnetospheric  EMF .  This  decreases  ion  drag 
acceleration  (limiting  the  maximum  induced  winds),  the  local  electrojet  current  (at  all 
heights)  and  the  Joule  heating,  since  the  electromotive  force  e.(g  +  a.  fl)  is  decreased. 
These  processes  are  independent  of  any  plasma  density  and  conductivity  modifications, 
however,  the  thermosphere  will  respond  to  the  reduction  in  both  electromotive  force  and 
electrojet  current  and  consequent  Joule  heating. 

Any  mod if ications  of  the  horizontal  current  (usually  decreases)  due  to  the  induced 
winds,  affects  the  capacity  of  the  ionosphere  to  carry  FAC  connecting  to  the  magnetosphere. 
Intuitively,  the  feedback  effects  of  the  Induced  winds  on  the  total  electromotive  force,  and 
the  modified  capacity  of  the  auroral  ionosphere  to  transmit  or  connect  the  FAC  might  be 
expected  to  cause  some  significant  effects  on  the  magnetosphere  at  times  of  large 
disturbances,  when  the  E-region  winds  are  known  to  reach  50  t  of  the  E  x  £  ion  drift 
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velocity,  driven  by  magnetospheric  electric  fields  /20-22/. 

Although  some  numerical  experiments  in  these  areas  are  in  progress  /23/,  theoretical  and 
experimental  exploration  of  these  problems  is  still  at  a  very  preliminary  phase.  Ve  do  not 
understand  whether  limits  of  the  availability  of  charge  carriers  (ionospheric  or 
magnetospheric)  are  Important.  Slight  changes  of  the  FAC  may  be  matched  by  compensating 
changes  in  f ield-aligned  potentials.  Alternatively,  slight  shifts  may  occur  in  the  patterns 
of  overall  magnetospheric  convection,  or  its  mapping  to  the  ionosphere,  to  compensate  for 
thermospheric  or  ionospheric  feedback  processes  /24/.  Feedback  processes  within  the 
thermosphere  and  ionosphere  probably  affect  a  number  of  magnetospheric  processes  which  have, 
historically,  been  thought  of  as  purely  magnetospheric  /  plasma  physics  phenomena. 

The  processes  by  which  Interactions  between  the  polar  ionosphere,  thermosphere  and 
magnetosphere  occur,  and  the  major  routes  by  which  feedback  can  occur,  are  easy  to  describe 
intuitively.  However,  the  thermosphere  and  ionosphere  are  so  closely  interwoven  by 
chemistry,  dynamics  and  energetics,  that  quantitative  modelling  cannot  rely  on  an  intuitive 
approach . 

The  initial  versions  of  the  global  3-dimensional  time -dependent  numerical  thermospheric 
models  /7-11/  used  theoretical  models  or  the  simple  empirical  Chiu  /25/  global  model  of  the 
ionosphere  to  calculate  ion  drag  and  Joule  heating.  However,  the  lack  of  any  response  at 
high  latitudes  to  geomagnetic  processes  (precipitation,  convection’'  within  the  Chiu 
ionospheric  model  caused  a  gross  underestimate  of  the  magnitude  of  ion  drag  and  of  Joule  / 
frictional  heating  at  E-region  altitudes  in  the  auroral  oval.  The  F- region  plasma  densities 
of  the  Chiu  model  did  not  so  seriously  underestimate  reality.  When  the  Chiu  model  was  used 
in  the  3-D  T-D  (or  GCM)  models,  it  was  possible  to  simulate  F-region  winds  and  temperatures 
within  the  upper  thermosphere  which  were  realistic  for  quiet  conditions.  However,  under 
disturbed  conditions,  and  in  the  E-region  at  all  times,  the  Chiu  /2 5/  ionospheric  model 
simulated  winds  and  currents  which  were  unreasonably  low  /13-15/. 

The  underestimate  of  E-region  momentum  forcing  and  heating  also  caused  very  serious 
problems  when  simulating  the  geomagnetic  response  in  neutral  chemistry  and  in  total  density, 
as  well  as  the  E-region  winds  etc  /14,15/.  Thus  a  series  of  numerical  experiments  were 
started  to  find  methods  of  coping  more  realistically  with  the  underlying  difficulty:  how  to 
simulate  the  mutual  interactions  of  the  polar  ionosphere  and  thermosphere. 

The  first  serious  efforts  to  create  an  interactive  model  for  the  polar  ionosphere  and 
therr.o-pl.cte  were  published  by  Quegan  et  ai  /26/  and  tuxler-Kowell  et  al  /27/.  In  this 
model,  data  sets  from  the  UCL  global  thermosphere  and  the  'Sheffield'  polar  ionosphere  model 
(UT- independent)  were  iteratively  exchanged  until  stability  was  achieved.  The  effects  of 
the  model  iterations  showed  that  significant  changes  in  plasma  density  were  caused  by  the 
effects  of  induced  winds.  The  auroral  oval  plasma  densities  were  greatly  enhanced  compared 
with  those  of  the  Chiu  model.  As  a  result,  induced  thermospheric  winds  and  heating  were 
generally  greatly  Increased  compared  with  previous  simulations  using  the  global  Chiu  model. 

This  'simple'  coupled  model  could  not,  however,  be  universally  applied  to  study  UT 
variations,  let  alone  the  effects  of  variable  solar,  geomagnetic  and  seasonal  conditions. 
The  next  stage,  developing  a  fully  interactive  thermosphere  and  polar  ionosphere  model,  was 
complex,  and  is  described  in  some  detail  in  a  series  of  papers  /28-31/.  This  fully  coupled 
model,  exchanges  ionospheric  and  thermospheric  parameters  throughout  the  region  poleward  of 
45°  geomagnetic  latitude.  At  lower  latitudes,  the  numerical  model  is  presently  still 
dependent  on  empirical  ionospheric  descriptions .  When  the  physics  of  the  major  ionospheric- 
thermospheric  interactions,  are  included  within  the  coupled  model,  many  of  the  additional 
'geomagnetic'  energy  sources  required  previously  to  explain  observations,  are  unnecessary 
/29/. 

The  approach  taken  in  the  development  of  the  coupled  model  described  above  differs  from 
that  employed  by  the  Utah  State  group  /32/.  In  the  latter  modelling,  the  structure, 
dynamics  and  composition  of  the  neutral  atmosphere  is  assumed  to  be  invariant  to  the 
response  of  the  ionosphere  to  solar  and  geomagnetic  forcing.  In  this  work,  we  show  that 
induced  neutral  atmosphere  winds,  temperature  and  composition  changes  do,  in  fact,  cause 
major  feedback  changes  of  the  ionosphere. 

2.  THE  COUPLED  GLOBAL  THERMOSPHERE  /  POLAR  IONOSPHERE  MODEL. 

The  development  of  the  UCL  Three  Dimensional  Thermospheric  Model  is  well  documented  in 
previous  publications  /7,8/,  as  is  the  Sheffield  ionospheric  model  /26,33/.  Progress  with 
this  model  coupling  has  been  reported  in  a  number  of  papers  during  the  past  3  -  4  years  26- 
31/. 


The  UCL  Three  Dimensional  Thermospheric  Model  (or  GCM)  simulates  the  time -dependent 
structure  of  the  vector  wind,  temperature,  density  snd  composition  of  the  neutral 
atmosphere,  by  numerically  solving  the  non-linear  equations  of  momentum,  energy  and 
continuity  /If,  and  a  time-dependent  mean  mass  equation  /8/.  The  global  atmosphere  is 
divided  into  a  series  of  elements  in  geographic  latitude,  longitude  and  pressure.  Each  grid 
point  rotates  with  the  earth  to  define  a  non-inertial  frame  of  reference  in  a  spherical 
polar  coordinate  system.  The  latitude  resolution  is  2°,  the  longitude  resolution  is  18  , 
and  each  longitude  slice  sweeps  through  all  local  times,  with  a  1  min  time  step.  In  the 
vertical  direction  the  atmosphere  Is  divided  into  15  levels  in  log  (pressure),  each  layer  is 
equivalent  to  one  scale  height  thickness,  from  a  lower  boundary  of  1  Pascal  at  80km  height. 


21-5 


The  time -dependent  variables  of  southward  and  eastward  neutral  wind,  total  energy 
density,  and  mean  molecular  mass  are  evaluated  at  each  grid  point  by  an  explicit  time 
stepping  numerical  technique.  After  each  iteration  the  vertical  wind  is  derived,  together 
with  temperature,  heights  of  pressure  surfaces,  density,  and  atomic  oxygen  and  molecular 
nitrogen  concentrations.  The  data  can  be  interpolated  to  fixed  heights  for  comparison  with 
experimental  data,  or  with  empirical  models.  The  momentum  equation  is  non-linear  and  the 
solutions  fully  describe  the  horizontal  and  vertical  advection,  i.e.  the  transport  of 
momentum . 

The  neutral  atmosphere  numerical  model  uses  an  Euler ian  approach.  However,  the 
ionospheric  code  /26-29/  has  to  be  evaluated  in  a  Lagranglan  system.  The  complex  convection 
patterns  imposed  by  a  magnetospheric  electric  field  on  plasma  movements  within  the  polar 
regions  are  referenced  to  a  fixed  Sun  -  Earth  frame,  assuming  pure  E  x  B  drifts.  The 
electric  field  is  derived  by  merging  a  model  of  magnetospheric  convection  /4/  with  the  co¬ 
rotation  potential  (induced  by  the  earth's  rotation).  Parcels  of  plasma  are  traced  along 
their  convections  paths,  which  are  often  complex. 

In  the  ionospheric  code,  atomic  (H*  and  0+)  and  molecular  ion  concentrations  are 
evaluated  over  the  height  range  from  100  to  1500  km,  and  used  in  the  thermospheric  code 
within  45°  magnetic  latitude  of  the  north  and  south  magnetic  poles.  The  use  of  the  self- 
consistent  ionosphere  at  high- latitudes  and  an  empirical  description  at  low-  and  mid¬ 
latitudes  can  result  in  a  discontinuity  in  the  vicinity  of  the  plasmapause .  The  ionospheric 
code  is  presently  being  extended  to  include  the  self-consistent  calculation  at  mid-  and  low- 
latitudes,  Including  computation  of  the  equatorial  anomaly,  but  these  new  results  will  not 
be  discussed  here. 

To  avoid  further  repetition  of  the  details  of  the  numerical  codes,  the  reader  is 
referred  to  the  series  of  papers  previously  cited  for  details  of  the  UCL  thermospheric  model 
/7,8/,  for  information  on  the  Sheffield  ionospheric  code  /26,33-35/  and  for  information  on 
the  procedures  used  to  couple  the  UCL  thermospheric  and  Sheffield  polar  ionospheric  models 
/28 ,29/. 

3.  COUPLED  MODEL  SIMULATIONS. 

Two  simulations  of  the  coupled  thermosphere  and  ionosphere  for  December  solstice  and  two 
for  die  Jan*  so! 'tic e,  u*Tng  the  UCL  /  Sheffield  coupled  model  will  be  presented.  These 
simulations  have  been  generated  for  IMF  BZ  negative  (southward),  and  for  conditions  when  the 
IMF  BY  component  was  either  strongly  positive,  or  strongly  negative,  for  a  geomagnetic 
activity  level  corresponding  to  approximately  Kp  -  3  to  4,  and  for  moderately  high  solar 
activity  (Fj^q.7  cm  *  185).  The  simulations  are  t ime- dependent ,  that  is  they  are  UT 
dependent,  and  the  results  are  dlurnally  reproducible.  However,  the  external  solar  and 
geomagnetic  inputs  are  time- independent .  These  two  simulations  use  an  offset  dipole 
representation  of  the  geomagnetic  field 

The  characteristic  UT  variations  of  the  summer  and  winter  polar  regions  are  dependent  on 
the  offset  of  the  geomagnetic  poles  from  the  geographic  poles.  During  the  UT  day,  at  all 
seasons,  the  geomagnetic  polar  caps  are  carried  into  and  out  of  sunlight.  There  is, 
therefore,  a  large  diurnal  modulation  of  the  solar  photoionisation  and  UV  /  EUV  heating  of 
the  geomagnetic  polar  regions  which  also  causes  large  UT  variations  in  plasma  density, 
conductivity,  ion  drag  and  Joule  and  solar  heating  of  the  polar  thermosphere.  There  are 
consequent  large  UT  modulations  of  the  thermospheric  and  ionospheric  response.  These 
characteristic  UT  variations  of  thermospheric  and  ionospheric  structures,  and  the  associated 
thermospheric- ionospheric  interactions  are  discussed  in  /29/. 

Figure  1  illustrates  the  global  wind  and  temperature  structure  for  the  December 
solstice,  at  pressure  level  12,  close  to  300  km  altitude,  at  18  Universal  Time  (UT)  and 
moderate  geomagnetic  activity  (Kp»3+) .  A  large  temperature  gradient  has  developed  from  the 
summer  to  winter  hemisphere  of  over  500  K,  due  to  the  differential  heating  by  the  solar  UV 
and  EUV  radiation.  Superimposed  on  this  latitude  structure  Is  a  smaller  amplitude  diurnal 
variation  of  about  250  K  range  at  equatorial  latitudes.  At  Mgh  latitudes  the 
magnetospheric  momentum  and  energy  sources  resulting  from  the  convection  electric  field, 
auroral  particle  precipitation  and  Joule  heating  have  increased  the  neutral  wind  velocities, 
with  the  additional  heat  source  coming  primarily  from  Joule  heating.  In  the  winter 
hemisphere  this  additional  heating  from  Joule  and  auroral  particle  sources  reverses  the 
global  summer  to  winter  temperature  gradient,  so  that  minimum  temperatures  occur  at  winter 
mid- latitudes . 

The  global  circulation  pattern  responds  to  the  large-scale  temperature  and  pressure 
fields,  creating  a  prevailing  summer  to  winter  flow  at  mid  and  high  altitudes,  which  is 
particularly  pronounced  under  quiet  geomagnetic  conditions.  For  average  or  high  geomagnetic 
activity,  the  geomagnetic  heating  in  the  summer  hemisphere  enhances  this  seasonal  flow, 
whereas  in  winter  It  opposes  the  solar  forcing.  A  mean  wind  then  flows  from  the  winter  pole 
to  winter  mid  latitudes.  The  global  pattern  of  mean  molecular  mass  In  the  upper 
thermosphere  Is  largely  a  result  of  these  large-scale  horizontal,  and  associated  vertical 
wind  fields.  High  values  of  mean  molecular  mass  (above  20  at  F-region  altitudes)  are  found 
over  the  summer  geomagnetic  polar  region,  even  under  quiet  conditions.  As  the  geomagnetic 
activity  rises,  the  summer  polar  values  Increase  further,  as  high  as  24-25,  while  values  of 
above  20  can  be  found  over  the  winter  geomagnetic  pole  under  active  conditions.  At  high 
winter  mid-  and  low- latitude s ,  the  mean  molecular  mass  is  normally  depressed,  close  to  16, 
nearly  pure  atomic  oxygen. 


Figure  2  illustrates  the  equivalent  global  structure  of  wind  and  temperature  In  the 
lower  thermosphere,  at  pressure  level  7  around  12S  km,  and  again  at  18  UT.  At  mid  and  low 
latitudes  a  large  part  of  the  response  Is  due  to  the  influence  of  semi-diurnal  tidal  modes 
propagating  from  the  middle  and  lower  atmosphere.  At  high  latitudes,  for  thla  case  of 
moderately  disturbed  geomagnetic  activity,  the  wind  pattern  Is  controlled  more  by  the 
electrodynamic  forcing  from  the  magnetosphere,  than  either  in- situ  solar  forcing  or 
propagating  tides.  At  high  latitudes  the  lower  thermosphere  wind  magnitudes  are  about  a 
factor  two  smaller  than  those  shown  in  Figure  1  for  the  upper  thermosphere.  Note  that  the 
wind  scale  differs  by  a  factor  of  two  compared  with  the  previous  figure.  However,  It  is 
Interesting  that  the  polar  wind  patterns  are  actually  remarkably  similar.  The  Ion  drag 
momentum  forcing  is  different,  not  only  due  to  reduced  velocities,  but  also  due  to  rotation 
of  the  ion  drift  velocity  vector  toward  the  electric  field  vector  direction.  However, 
compensation  by  the  pressure  gradient,  Coriolis  and  advectlon  terms  (mainly)  causes  the 
steady- state  wind  pattern  to  follow  that  at  higher  altitudes,  where  ions  follow  the  £»£ 
direction.  At  mid  and  low  latitudes  the  influence  of  the  propagating  tides  has  brought  the 
magnitudes  of  the  winds  to  levels  similar  to  those  seen  In  the  upper  thermosphere,  of  the 
order  of  100  m/s.  At  the  lower  levels  the  winds  are  predominantly  semi -diurnal,  however, 
compared  with  a  mainly  diurnal  variation  in  the  upper  levels,  so  that  wind  patterns  of  the 
upper  and  lower  thermosphere  are  quite  different. 

4.  POLAR  F -REGION  WINDS.  COMPOSITION  AND  ION  DENSITY. 

Figure  3  Illustrates  the  response  of  the  upper  thermosphere  wind  and  composition,  the 
mean  molecular  mass.  In  the  northern  polar  regions  (50-90°)  to  the  orientation  of  the  rMF-BY 
in  summer  and  winter.  Figure  3a  and  b  are  for  winter.  IMF-BY  negative  and  positive 
respectively ,  3c  and  d  are  the  equivalent  for  the  summer. 

At  F-region  altitudes,  only  relatively  small  differences  in  the  wind  patterns  can  be 
ascribed  to  seasonal  effects.  In  the  winter,  the  winds  in  the  dawn  auroral  oval  show  only  a 
slight  tendency  to  follow  the  relatively  weak  sunward  ion  convection  (BY  positive).  In  the 
summer,  there  is  no  significant  Indication  of  sunward  wind  acceleration  at  all  in  the  dawn 
cell  for  BY  positive.  Within  the  strong  clockwise  circulation  wind  cell  which  follows  the 
strong  sunward  Ion  convection  in  the  dusk  auroral  oval  and  antlsunward  ion  flow  over  the 
dawn  side  of  the  polar  cap.  only  minor  seasonal  differences  occur.  Equatorvard  of  the 
nightslde  auroral  oval,  the  wind  flow  Is  distinctly  equatorvard  In  the  June  simulation  (20C 
m/sec),  and  rather  weaker  In  the  December  simulation  (100  m/sec). 

There  are  two  major  resprnses  of  high- latitude  F- region  winds  to  changes  of  IMF  BY 
sense.  There  is  shift  of  a  region  of  high-velocity  antl-sunward  flow  from  the  dusk  (BY 
negative)  to  dawn  (BY  positive)  side  of  the  polar  cap.  This  has  been  previously  reported 
/15.36/  in  observations  from  the  DE-2  spacecraft  and  from  the  ground.  The  winds  of  the  dawn 
auroral  oval  also  show  a  characteristic  change.  For  IMF  BY  positive,  there  is  very  little 
Indication  of  sunward  wind  flow  In  response  to  the  weak  dawn  auroral  oval  /  polar  cap 
convection  cell.  For  IMF  BY  negative  there  are  significant  sunward  winds  in  the  dawn 
auroral  oval.  However,  these  are  always  weaker  than  the  strong  sunward  winds  of  the  dusk 
auroral  oval.  The  primary  reasons  for  this  dusk  /  dawn  asymmetry  have  been  discussed 
previously  /27,37/.  The  asymmetric  response  is  caused  by  a  natural  atmospheric  'resonance' 
responding  to  the  clockwise  wind  vortex  forced  by  sunward  Ion  convection  in  the  du^k  auroral 
oval  and  antlsunward  Ion  convection  over  the  polar  cap,  given  the  sense  and  rate  of  rotation 
of  the  Earth. 

Coriolis  and  curvature  accelerations  balance  within  the  clockwise  vortex,  of  which  the 
dusk  auroral  oval  is  part.  In  the  dawn  auroral  oval,  the  conditions  for  this  resonance  do 
not  exist.  As  a  result,  for  the  same  plasma  densities  and  convection  velocities,  there  Is  a 
much  smaller  effective  sunward  wind  acceleration.  This  effect  was  noted  in  earlier  rocket 
wind  measurements  /21/,  and  has  been  well  observed  by  DE-2  /12.13/.  The  effect  was 
predicted  by  much  simpler  simulations  than  those  we  are  describing  here  /7/.  However,  it  is 
perhaps  reassuring  to  see  that  the  asymmetric  dusk  /  dawn  wind  response  is  still  observed  In 
the  present  rather  more  sophisticated  simulations,  where  the  possibility  of  a  complex 
feedback  process  between  the  thermosphere  and  ionosphere,  which  might  change  the  nature  or 
magnitude  of  the  wind  acceleration  and  response  can  now  be  discounted,  since  the  coupled 
model  accounts  for  all  the  major  feedback  mechanisms  with  the  possible  exception  of  feedback 
processes  Involving  magnetosphere  /  Ionosphere  coupling. 

The  seasonal  variation  of  neutral  thermospheric  composition  a’  <ed  height  level  Is 
well  established  by  experimental  observations  /38,39/.  At  mi  -  •  e  'atitudes,  enhanced 
concentrations  of  [ N2 )  relative  to  [0]  in  the  summer  hemisphere  betw  ■  0  and  350  km  feeds 
back  into  the  ionospheric  chemistry  by  increasing  the  recombination  dominant  ion  0+, 
decreasing  the  NmF2  (peak  electron  density  at  the  peak  of  the  Fj  layer).  conversely,  in  the 
winter  hemisphere,  the  enhanced  f0/NoJ  ratio  decreases  the  recombination  rate  of  the  F 
region  0 +  ions,  and  causes  a  general  increase  in  NmF« ,  despite  the  overall  decrease  of  solar 
insolation . 

These  general  features  are  well  illustrated  by  comparisons  between  Figures  3a  and  3c, 
for  the  F-regton  (IMF  BY  negative)  or  Figures  3b  and  3d  (IMF  BY  positive).  The  highest 
values  of  mean  molecular  mass  which  occur  poleward  of  50°  latitude  in  the  winter  polar  F- 
region  equal  the  lowest  value  in  the  equivalent  summer  polar  region.  At  high  winter  mid¬ 
latitudes,  the  mean  molecular  mass  is  close  to  16,  indicating  a  composition  which  is  nearly 
pure  atomic  oxygen.  There  la  then  a  winter-time  plateau  around  the  geomagnetic  pole,  due  to 
heating,  upvelllng  and  outflow,  where  the  mean  molecular  mass  reaches  20. 


This  value  of  mean  molecular  mass  within  the  winter  plateau  ia  very  dependent  on 
geomagnetic  activity.  At  very  low  activity  levels  the  mean  molecular  mas*  may  be  as  low  as 
16  -  17.  During  extended  geomagnetic  storm  conditions,  the  mean  molecular  mass  may  reach 
values  as  high  as  22. 

In  the  summer  polar  cap,  the  lowest  values  of  mean  molecular  mass  above  50°  are  20,  and 
the  highest  values  within  the  geomagnetic  polar  cap  reach  24  to  25.  At  this  constant 
pressure  level  (12),  this  implies  a  4  fold  reduction  in  the  density  of  atomic  oxygen  between 
high  summer  mid- latitudes  and  the  pole.  Atomic  oxygen  concentrations  at  the  summer  pole  are 
a  factor  of  10  lower  than  those  found  at  high  winter  mid- latitudes.  The  variation  of 
molecular  nitrogen  density  is  in  direct  anti-phase,  and  compensates  for  the  atomic  oxygen 
changes . 

There  are  significant  changes  in  the  compositional  variations  caused  by  changes  In  the 
sense  of  IMF  BY.  These  detailed  changes  In  mean  molecular  mass  are  modest  (1-2  units) 
compared  with  the  larger  changes  (3  -  4  units)  Induced  by  the  combination  of  seasonal  solar 
insolation  changes  and  the  heating  and  consequent  overturning  of  the  thermosphere  resulting 
from  geomagnetic  forcing.  However,  the  F-region  plasma  density  is  highly  responsive  to  the 
combination  of  BY-induced  modulation  of  neutral  composition  and  ion  transport. 

Figure  4  illustrates  the  response  of  the  F-region  plasma  density  for  the  same  conditions 
as  described  in  Figure  3.  Comparing  figures  4a  and  4c,  (IMF  BY  -ve)  or  Figure  3b  and  3d 
(IMF  BY  +ve)  ,  the  high- latitude  seasonal  F-reglon  ionospheric  anomaly  is  apparent:  in  some 
areas  the  winter  high  latitude  plasma  densities  exceed  those  of  the  equivalent  summer, 
sunlit,  region.  Peak  densities  in  the  winter  sunlit  cusp  region  (which  is  Just  in  sunlight 
at  18  UT)  are  about  a  factor  of  2  -  3  higher  than  the  equivalent  summer  region.  The  mean 
levels  over  the  high  latitude  region  are  similar  in  summer  and  winter  at  this  UT. 

The  winter  polar  cap.  at  18  UT,  is  filled  with  high  density  plasma  which  is  rapidly 
convected  from  the  dayside  through  the  cusp  region.  There  is  a  well -developed  sub-auroral 
trough,  from  16  LST  to  08  LST  at  this  UT  (but  which  encircles  the  entire  auroral  oval  at  the 
winter  solstice  for  much  of  the  rest  of  the  UT  day).  At  UT  times  when  the  cusp  is  not  in 
sunlight,  the  plasma  density  within  the  polar  cap  tends  to  fall  to  significantly  lower 
values  /29/ 

In  contrast,  the  summer  sunlit  polar  cap  is  a  region  where  the  electron  recombination 
rate  is  high,  so  that  plasma  densities  are  low,  despite  the  combination  of  solar 
photoionisation  and  auroral  electron  precipitation.  Regions  of  lowest  plasma  density  have  a 
one-to-one  relationship  with  regions  of  the  highest  mean  molecular  mass.  The  regions  of 
lowest  plasma  density  within  the  summer  polar  cap  are  responsive  to  thermospheric 
compositional  changes,  induced  by  convection  and  Joule  heating.  The  decalls  of  these 
responses  are  highly  sensitive  to  the  convection  response  to  IMF  BY  changes,  and  these  will 
be  discussed  later. 

In  the  summer  geomagnetic  polar  region  there  is  no  feature  which  corresponds  to  the 
winter  sub-auroral  trough  There  is  sufficient  solar  photoionisation  in  the  sub-auroral 
regions,  which  are  regions  of  plasma  stagnation,  at  least  at  18  UT,  that  a  sub-auroral 
trough  does  not  develop.  The  equivalent  winter  sub-auroral  regions  are  where  the  stagnation 
troughs  do  develop.  There  is  enhanced  plasma  destruction  compared  with  the  equivalent 
winter  sub-auroral  region,  but  the  values  of  mean  molecular  mass  (20  -  21)  are  not  high 
enough  to  cause  the  extreme  plasma  destruction  rates  which  occur  within  the  summer 
geomagnetic  polar  cap. 

There  is  one  caveat  concerning  this  overall  conclusion  related  to  the  southern  summer 
polar  region.  At  Universal  Times  when  the  geomagnetic  polar  cap  is  rotated  furthest  from 
the  dayside  (03.6  UT)  ,  and  due  to  the  greater  offset  of  the  southern  geomagnetic  pole  from 
the  geographic  pole,  there  is  no  solar  photoionisation  on  the  nightside  In  the  sub-auroral 
oval.  A  partial  summer  sub-auroral  trough  may  occur  under  such  conditions.  This  feature 
will,  however,  never  develop  to  the  extent  seen  in  the  winter  hemisphere.  For  most  of  the 
UT  day,  in  winter,  the  sub-auroral  trough  completely  or  nearly  completely  encircles  the 
northern  auroral  oval.  The  situation  at  18  UT,  depicted  for  all  these  simulations,  is  when 
the  winter  northern  cusp  is  sunlit,  however,  this  only  occurs  for  about  6  hours  around  18 
UT. 

Sub-auroral  troughs  which  develop  in  the  summer  hemisphere  are  always  likely  to  be  the 
fossils  of  an  earlier,  expanded,  auroral  oval.  Intense  heating,  forcing  enrichment  of 
molecular  species  by  convective  overturning  and  advection  will  lead  to  the  rapid  destruction 
of  plasma  once  the  auroral  source  diminishes  at  the  end  of  the  disturbance.  This  is  likely 
to  be  the  mechanism  creating  such  troughs,  which  is  therefore  quite  distinct  from  the  plasma 
stagnation  mechanism  which  is  mainly  responsible  for  the  winter  sub-auroral  trough. 

In  a  comparison  between  Figures  4a  (BY  negative)  and  4b  (BY  positive)  the  major  response 
of  the  winter  F-region  plasma  density  in  response  to  IMF  BY  changes  can  be  seen.  For  BY 
negative  (4a),  a  long  extended  tongue  or  plume  of  plasma  is  rapidly  transported  antlsunvard 
from  the  dayside  and  cusp.  This  rapid  transport  is  produced  by  the  situation  that  the 
strong  antlsunward  plasma  convection  on  the  dusk  side  of  the  polar  cap  and  the  effect  of  co¬ 
rotation  in  that  location  are  in  the  same  direction.  On  the  dawn  side  of  the  polar  cap,  the 
weak  antlsunward  plasma  convection  Is  opposed  by  co-rotation  so  that  a  deep  plasma  hole 
develops  (no  sunlight,  little  precipitation). 


When  IMF  BY  Is  positive,  the  rapid  antisunward  plasma  transport  on  the  davn  side  of  the 
polar  cap  is  opposed  by  co-rotation.  The  corresponding  tongue  or  plume  of  antl-sunvard 
moving  plasma  is  thus  weaker  and  shorter,  and  tends  to  lie  in  the  central  polar  cap,  rather 
than  the  dawn  side.  The  co-rotation  velocity  is  not  opposed  to  convection  In  the  central 
polar  cap  region.  Co-rotation  also  aids  the  otherwise  weak  antisunward  transport  on  the 
dusk  side  of  the  polar  cap,  another  effect  which  broadens  the  width  of  the  antisunward 
plasma  tongue  or  plume. 

The  effect  of  combined  convection  and  co-rotation  for  IMF  BY  negative  is  sufficiently 
strong  that  for  the  same  precipitation,  the  dusk  auroral  oval  plasma  densities  are  roughly 
double  those  for  IMF  BY  positive.  This  is  entirely  due  to  the  shorter  time  required  to 
transport  plasma  from  the  dayslde  cusp  through  the  polar  cap  and  into  the  dusk  auroral  oval 
for  IMF  BY  negative. 

There  are  relatively  few  changes  of  the  winter  sub-auroral  trough  which  are  produced  by 
the  response  to  IMF  BY.  For  IMF  BY  positive,  the  dusk  trough  is  somewhat  broader  in 
latitudinal  extent  than  for  BY  negative,  due  to  the  stronger  sunward  convection  In  the  dusk 
oval,  but  the  effect  is  relatively  minor,  and  must  be  dependent  on  the  coincidence  (or  non¬ 
coincidence)  of  convection  and  precipitation  boundaries. 

The  plasma  density  structures  and  values  within  the  winter  auroral  oval  do  not  appear  to 
be  strongly  dependent  on  IMF  BY.  In  the  general  sense,  there  Is  rather  little  enhancement 
of  F-region  plasma  density  associated  with  the  auroral  oval,  although  a  range  of 
characteristic  signatures  In  ion  and  electron  temperature,  as  well  as  changes  of  ion,  and 
neutral  composition  are  produced. 

In  the  summer  polar  cap  F-reglon,  the  differences  are  quite  dramatic.  Deep  troughs  form 
in  regions  where  there  Is  strong  photo ionisation  and  some  particle  precipitation,  caused  by 
the  neutral  compositional  response  to  strong  heating:  the  stronger  the  ion  convection,  the 
stronger  the  ion  heating  and,  generally,  the  stronger  the  heating  of  the  neutral  atmosphere. 
The  rapid  convective  upwelling,  combined  with  horizontal  advection  causes  the  very  large 
Increase  In  F-region  mean  molecular  mass,  which  then  causes  the  plasma  troughs. 

The  most  important  conclusion  which  comes  from  this  study,  related  to  F-region  behaviour 
and  ionosphere- thermosphere  coupling,  is  the  distinctive  seasonal  behaviour.  In  the  winter 
polar  region,  it  is  primarily  plasma  convection  which  determines  the  distribution  of  plasma 
density  and  so  modulates  the  local  frictional  heating  and  the  acceleration  of  winds  by  ion 
drag.  The  transport  of  F-region  plasma  by  convection  and  the  combination  of  convection  and 
co-rotation  control  the  existence  and  location  of  tongues  of  high  plasma  density  within  the 
polar  cap  and  troughs  of  low  plasma  density  within  the  polar  cap  and  in  the  sub-auroral 
trough.  Neutral  wind  effects  are  significant  through  the  vertical  transport  of  plasma.  The 
convective  overturning  of  the  neutral  atmosphere  and  associated  advection  causes  significant 
compositional  changes  which  cause  noticeable,  but  not  dominant  effects  on  the  winter-time  F- 
region  plasma  distribution. 

In  the  summer  hemisphere,  the  effects  of  combined  solar  Insolation  and  geomagnetic 
heating  force  a  much  greater  convective  /  advective  overturning  of  the  thermosphere.  In  the 
summer  polar  cap,  at  levels  of  moderate  geomagnetic  activity,  the  greatly  Increased 
proportion  of  molecular  species  causes  a  fundamental  change  in  the  F-region  ionospheric 
chemistry.  As  a  result,  compositional  changes,  driven  by  the  detailed  response  of  the 
thermosphere  to  geomagnetic  forcing,  dominate  the  detailed  ionospheric  response.  Regions 
where,  in  the  winter  pole,  the  plasma  density  is  enhanced  by  rapid  convection  from  the 
dayside,  tend  to  become  regions  of  low  plasma  density  in  summer.  The  combination  of  plasma 
convection  and  co-rotation  are  still  important.  However,  in  the  summer  polar  cap,  the 
plasma  density  distribution  is  controlled  by  the  neutral  composition  distribution.  The 
composition  is  modified  by  two  processes:  changes  in  the  location  of  Joule  heating  and 
consequent  upwelling,  and  horizontal  transport  by  the  neutral  wind.  Plasma  depletions  are 
signatures  of  an  Increase  in  mean  molecular  mass. 

While  in  the  course  of  this  paper,  we  have  only  considered  two.  asymmetric,  convection 
patterns,  the  general  conclusions  described  above  are  true  for  other  representations  of  the 
convection  field  /5/.  Detailed  inter-coraparlsons  with  those  described  in  the  present  study 
confirm  the  conclusions  of  the  previous  two  paragraphs  / 29 /. 

5.  ION  TEMPERATURE  AND  ION  COMPOSITION. 

Figures  5  and  6  Illustrate  the  ion  temperature,  0+,  molecular  ion,  and  H+  number  density 
distributions  for  the  winter  and  summer  northern  polar  regions,  respectively.  Both  figures 
are  from  the  simulations  with  IMF  - BY  negative,  at  18  UT,  and  the  altitude  is  301  km.  For 
the  solar  activity  depicted  here  (F^q  7  -  185).  this  altitude  Is  close  to  the  F2  peak  in 
winter  but  significantly  below  it  for  the  summer  case. 

The  patterns  of  ion  temperature  are  virtually  identical  in  summer  and  winter,  the 
structure  being  highly  dependent  on  the  magnitude  and  direction  of  the  Ion  drift  vectors, 
which  in  turn  are  dependent  on  the  orientation  of  the  IMF-BY  which,  of  course,  is  the  same 
in  these  two  figures.  The  main  difference  is  in  the  magnitude,  the  summer  value  exceeding 
the  winter  by  about  500  to  600  K,  approximately  equal  to  the  difference  in  the  neutral 
temperature.  The  Influence  of  the  neutral  wind  will  not  be  addressed  specifically  in  this 
paper.  Obviously,  the  patterns  of  Ion  temperature  will  be  convection-pattern  dependent. 


A  further  consequence  of  the  global  seasonal  composition  difference  Is  the  effect  on  the 
relative  proportion  of  atomic  and  molecular  ions  in  the  polar  regions.  The  patterns  of  ion 
composition  are  substantially  different  in  the  two  seasons.  This  contrast  can  be  seen  in 
Figures  5  and  6.  The  general  magnitudes  of  the  0+  number  density  in  the  polar  regions  are 
very  similar  in  summer  and  winter  at  this  altitude,  although  the  reasons  for  their 
individual  structure  are  very  different.  The  winter  polar  F-region,  although  in  darVcness, 
is  maintained  by  the  transport  of  0+  from  the  dayside  sunlit  sub-auroral  ionosphere  where 
the  winter  plasma  densities  are  consistently  larger  than  corresponding  summertime  values. 
The  very  slow  recombination  rates  in  the  neutral  oxygen-rich  atmosphere  is  sufficient  to 
keep  the  winter  polar  0*  density  above  the  summer  values.  In  fact  the  dominant  ion  is  0+  in 
the  winter  at  these  altitudes,  the  mechanisms  creating  the  pattern  are  therefore  identical 
to  the  previous  discussion  for  the  total  ion  density.  The  molecular  ions  in  winter  at  this 
altitude  contribute  generally  less  than  5%  to  the  total  ion  density.  The  pattern  of 
molecular  ions,  predominantly  N0+,  has  a  similar  trend  to  that  of  the  pattern  of  ion 
temperature  (and  Joule  heating).  The  regions  of  upwelling  are  related  to  regions  of 
enhanced  molecular  ions . 

In  summer  the  ratio  of  atomic  to  molecular  ions  is  very  much  reduced.  In  fact,  even  at 
this  altitude  of  301  km,  some  regions  of  the  polar  thermosphere  in  summer  have  more 
molecular  than  atomic  ions.  Generally  the  levels  are  very  similar  over  much  of  the  summer 
polar  regions.  Outside  the  polar  plateau  of  enhanced  molecular  ions,  associated  with  the 
similar  plateau  in  the  neutral  thermosphere ,  the  proportion  of  molecular  to  atomic  ions 
decri i-es  x-pi^ly  reward  mid- latitudes . 

The  H+  number  density  is  typically  a  few  orders  of  magnitude  less  In  concentration  than 
the  total  ion  density,  although  It  does  become  significant  at  much  higher  altitudes,  in 
excess  of  500  km. 

6.  LOWER  THERMOSPHERE  WINDS  AND  ION  DENSITY. 

Figure  7  Illustrates  the  neutral  /<nd  vector  and  plasma  density  in  the  lower 
thermosphere ,  at  pressure  level  7,  about  **5  km  altitude,  close  to  the  peak  in  the  Pedersen 
conductivity.  The  figure  shows  the  same  four  conditions  described  in  Figures  3  and  4.  The 
major  changes  of  winds  of  the  E-region  result  from  the  distinctly  different  pole  to  pole 
thermal  structure  at  the  June  and  December  solstices.  There  is  a  pronounced  cyclonic  vortex 
around  the  winter  polar  region,  which  is  observable  at  high  mid-latitudes,  superimposed  on  a 
generally  weak  flow  away  from  the  sub-solar  poiiit.  This  circulation  is  replaced  by  a 
pronounced  anti-cyclonic  vortex  around  the  summer  polar  region  (again  best  seen  at  high  mid- 
latitudes)  . 

The  wind  patterns  within  the  auroral  oval  and  polar  cap  show  little  change  with  season 
for  the  same  convection  and  precipitation  patterns.  The  major  wind  features  result  from  ion 
drag,  and  are  thus  responsive  to  convection  changes  and  plasma  density  enhancements 
(resulting  from  combined  particle  precipitation  and  solar  photoionisation).  The  basic 
auroral  oval  wind  pattern  follows  that  of  ion  convection,  as  in  the  F-region.  The  E-region 
wind  velocities  are  typically  about  a  factor  of  2  -  3  lower  than  at  F-region  altitudes. 

A  highly  satisfactory  feature  of  the  present  self-consistent  simulations  is  that  they 
show  E-region  winds,  at  times  of  moderate  geomagnetic  disturbances,  which  are  of  similar 
magnitudes  and  structures  to  those  reported  in  experimental  studies  of  E-region  winds  /20- 
22/.  Until  the  present  self-consistent  thermosphere  -  ionosphere  code  was  developed,  such 
correspondence  of  simulated  E-region  winds  with  the  real  world  could  only  be  obtained  by 
extensive  and  artificial  tuning  cf  E-region  plasma  density  distributions  (even  in  the 
earlier  code  /26,27/). 

Seasonal  changes  of  E-region  winds  are  relatively  small,  however,  the  response  to  IMF  / 
plasma  convection  changes  is  very  marked.  Obviously,  this  response  is  also  modulated  by  the 
precipitation ,  which  causes  the  large  increases  of  ion  drag  coupling  via  enhanced  E-reglon 
plasma  density  enhancements.  In  general,  therefore,  polar  E-region  winds  will  be  highly 
dependent  on  actual  convection  patterns. 

For  IMF  BY  positive,  there  is  a  large  clockwise  swirl,  sunward  around  the  dusk  auroral 
oval  and  antisunvard  over  the  datm  side  of  the  polar  cap.  The  peak  E-region  wind  speeds  In 
the  dusk  auroral  oval  reach  200  -  250  m/sec,  which  is  quite  consistent  with  observations 
/40/,  There  is  a  relatively  weak  sunward  wind  flow  in  the  dawn  auroral  oval  (less  than  50 
m/sec),  combined  with  a  significant  equatorward  flow  component  (50  -  100  m/sec). 

For  IMF  BY  negative,  the  sunward  wind  flow  in  the  dusk  auroral  oval  is  still  strong, 
except  that  it  only  extends  to  about  14  LST.  The  antisunward  flow  over  the  polar  cap  is 
more  generally  spread  over  the  entire  width  of  the  polar  cap,  rather  than  being  confined  to 
the  dusk  side,  as  tends  to  happen  in  the  F-region  (see  earlier  discussion).  The  sunward 
winds  of  the  dawn  auroral  oval,  for  IMF  BY  negative  are  signif icantly  increased,  to  nearly 
100  m/sec,  and  there  is  a  generally  more  coherent  flow,  following  the  ion  convection  of  the 
dawn  auroral  oval. 

The  asymmetry  of  the  wind  response  in  the  dusk  and  dawn  parts  of  the  auroral  oval  is 
again  related  to  the  conditions  required  for  resonance  /37/.  As  noted  previously,  the  winds 
follow  the  direction  more  than  would  be  expected,  considering  the  rotation  of  the  ion 
drift  vector  toward  the  £  (electric  field)  direction  at  these  altitudes.  This  Is  the  result 
of  the  stable,  steady-state,  response  of  the  atmosphere.  A  short-period  Impulse  would  have 
rather  different  consequences,  with  the  initial  winds  following  more  closely  the  mean  ion 
vectors,  and  later  responding  to  changes  in  pressure  gradients,  Coriolis,  advectlon  and 
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viscosity  terms.  Clearly,  again,  the  detailed  response  will  be  convection-f ield  dependent. 

In  the  F-region,  peak  values  of  mean  molecular  mass  normally  are  associated  with  the 
highest  neutral  temperatures.  In  the  E-region,  although  there  is  a  general  polar  plateau  of 
high  mean  molecular  mass,  the  fine  details  of  the  thermal  and  compositional  distributions 
are  not  so  closely  associated.  For  example,  there  are  consistent  peaks  of  mean  molecular 
mass  on  the  dawn  side  of  the  polar  cap,  in  a  region  where  the  E-region  neutral  temperature 
tends  to  be  rather  low.  This  feature,  both  in  temperature  and  in  composition,  is  due  to  the 
ant i- clockwise  (cyclonic)  ion  flow  vortex.  The  curvature  and  Coriolis  acceleration  terms 
/37/  have  the  same  direction  in  this  region  and  the  neutral  gas  is  spun  outward,  in  addition 
to  the  tendency  for  induction  of  anticlockwise  wind  flow  by  ion  drag.  The  induced  outflow 
causes  enhanced  upwelling,  yet  another  example  of  the  complexity  of  the  variety  of 
interactions  between  the  polar  ionosphere  and  thermosphere ,  and  the  respective  roles  of 
plasma  convection,  precipitation,  and  the  neutral  gas  response. 

Under  all  the  conditions  of  these  four  simulations,  the  E-region  ionospheric  chemistry 
is  not  fundamentally  changed,  despite  the  seasonal  modulation  of  mean  molecular  mass 
described  earlier.  The  plasma  density  distribution  in  regions  outside  the  auroral  oval 
shows  an  Increase  (as  expected)  in  the  summer  hemisphere,  as  the  result  of  increased 
photoionisation.  E-region  plasma  density  values  on  the  nightside  in  the  winter  hemisphere 
are  predicted  to  be  low  (2-5  xlO9)  in  places.  Within  the  geomagnetic  polar  cap,  plasma 
densities  within  the  winter  hemisphere  are  lower  than  in  the  summer  hemisphere.  This  is  the 
direct  result  of  additional  solar  photoionisation  within  the  summer  polar  cap.  On  average, 
the  E-region  values  within  the  winter  polar  cap  are  about  a  factor  of  4  lover  than  in  the 
summer  polar  cap.  The  additional  summertime  ionisation  increases  Joule  heating  and  ion  drag 
forcing  of  the  neutral  atmosphere. 

What  we  see  from  this  study  is  that  E-region  plasma  densities  around  the  auroral  oval 
are  primarily  enhanced  as  the  result  of  precipitation.  The  seasonal  modulation  and  the 
effects  of  plasma  wind  transport  are  generally  of  little  importance.  Vertical  plasma 
transport  due  to  the  horizontal  winds  is  likely  to  be  the  most  important  single  effect,  and 
this  may  be  particularly  important  In  connection  with  the  formation  and  subsequent  behaviour 
of  sporadic  E  layers,  resulting  from  metallic  ions.  Such  long-lived  ions  are  not  subject  to 
the  rapid  destruction  of  the  E- region  molecular  ions  which  alone  are  considered  in  this 
study.  For  metallic  E-region  ions,  horizontal  as  well  as  vertical  transport  effects  will  be 
much  more  significant  /41/. 

Related  to  the  rapid  recombination  rates  typical  of  molecular  ions  at  E-region 
altitudes,  there  are  few  significant  features  of  the  E-region  plasma  distribution  which  can 
be  attributed  to  convection,  and  thus  to  IMF  BY  changes.  This  woi  Id  not  be  the  situation 
for  longer-lived  ions,  such  as  the  metallic  species  found  in  sporadic  E  layers.  However, 
with  the  exception  of  such  localised  and  usually  ephemeraL  species  and  features,  the  present 
simulations  indicate  that  primarily,  the  E-region  plasma  distribution  is  controlled  by  the 
combination  of  solar  photoionisation  and  energetic  electron  precipitation.  The  plasma 
density  enhancements  are  a  critical  factor  in  producing  observed  winds,  and  conductivity 
enhancements . 

The  actual  values  of  ion  drag  wind  acceleration  terms,  ionospheric  conductivities, 
electric  currents,  and  the  implicit  distribution  of  magnetospheric  FAC,  which  power  the 
entire  high-latitude  system,  are  therefore  determined  primarily  by  precipitation:  Typical 
peak  E-region  ion  density  values  within  the  moderately  disturbed  auroral  oval  are  a  factor 
of  3  greater  than  those  of  the  surrounding  sunlit,  but  non -auroral,  ionosphere  in  summer 
time.  In  winter  time,  the  corresponding  enhancement  factor  due  to  electron  precipitation  is 
between  a  factor  of  10  and  100  times  above  the  non-sunlit  E-region  ionosphere. 

7 .  ELECTRODYNAMICS . 

In  the  following  section,  two  of  the  electrodynamic  parameters  will  be  discussed  and 
compared  from  the  four  numerical  simulations.  These  parameters  are  the  height-integrated 
Joule  heating  rate  and  the  FAC  system.  Unlike  the  previous  figures  which  have  been 
referenced  to  a  fixed  pressure  or  height  level,  these  new  parameters  are  a  consequence  of 
the  Integrated  response  of  the  thermosphere  and  ionosphere  at  all  the  levels.  Generally 
both  these  quantities  have  their  maximum  contribution  from  the  lower  thermosphere,  but  there 
are  times  and  locations  when  this  is  not  the  case,  and  a  significant  contribution  can  come 
from  the  upper  levels. 

The  height  Integrated  Joule  heating  rate  is  a  sensitive  parameter.  This  is  due  to  its 
dependence  on  the  second  power  of  the  electric  field,  and  also  due  to  its  critical 
dependence  on  the  colocation  of  boundaries  of  conductivity  enhancements  through  electron 
precipitation  and  maximum  ion  drifts.  Obviously,  one  must  treat  with  caution  the  Idea  of 
using  the  product  of  two  independently  produced  models,  particularly  when  one  expects  a 
strong  causal  relationship  between  the  two  sources  via  their  magnetospheric  origin. 
Ideally,  the  models  of  precipitation  and  convection  should  be  assembled  'self -consistently' . 
Any  correlation  or  anti-correlations  (as  have  been  reported)  betveen  the  two  data  sets  can 
then  be  maintained.  However,  no  convenient  empirical  of  statistical  model  of  the  combined 
magnetospheric  sources  la  available,  so  we  must  rely  on  using,  with  some  caution,  those 
currently  at  our  disposal. 

Figure  8  Illustrates  the  height -integrated  Joule  heating  rate  for  the  same  four  cases  as 
presented  in  Figures  3,  4  and  7.  The  shape  and  magnitude  of  the  patterns  is  very  strongly 
dependent  both  on  season  and  the  orientation  of  the  IHF-BY  (and  thus  on  any  specific 


convection  field).  Due  to  the  second  power  dependence  on  the  neutral  wind  -  Ion  velocity 
difference,  the  peak  Joule  heating  rates  tend  to  be  associated  with  the  peaks  In  the  ion 
drift  vectors.  A  particular  characteristic  of  using  electric  field  models  with  two  extreme 
orientations  of  the  IMF  -  BY ,  is  that  either  the  dusk  or  dawn  boundaries  between  polar  cap  and 
auroral  oval  have  a  double -maximum  feature  in  Joule  heating.  These  double  features  are 
created  by  the  combination  of  the  expected  peak  that  occurs  in  the  dawn  and  dusk  sector 
auroral  oval  (maximum  sunward  ion  drift),  and  a  second  feature  associated  with  the  enhanced 
ion  flow  over  either  the  dusk  or  dawn  side  of  the  polar  cap.  For  IMF- BY  negative  the  twin 
maximum  feature  Is  on  the  dusk  side,  for  IMF-BY  positive  it  is  on  the  dawn  side. 

The  F-region  ion  densities  In  the  polar  regions  were  similar  in  magnitude  In  summer  and 
winter.  In  the  lower  thermosphere  the  situation  Is  more  diverse.  Within  these  numerical 
simulations,  neither  the  precipitating  electron  flux  nor  the  electric  field  has  a  seasonal 
dependence.  Within  the  auroral  oval  therefore,  whe»*e  the  main  contribution  to  the  Pedersen 
conductivity  arises  from  the  auroral  precipitation,  the  peak  Joule  iiu^.ing  rates  do  not  have 
a  strong  seasonal  dependence . 

Outside  the  auroral  oval  the  situation  Is  different  for  two  reasons.  Firstly,  there  Is 
a  large  difference  In  the  lower  thermosphere  conductivity  in  summer  and  winter.  Secondly,  In 
winter  the  lower  thermosphere  conductivity  Is  very  small,  so  that  a  significant  contribution 
to  the  he Ight- integrated  conductivity,  and  consequently  also  the  Joule  heating  rate,  comes 
from  the  upper  thermosphere.  As  was  shown  before,  the  winter  F-region  maintains  as  much  if 
not  more  plasma  concentration,  compared  with  summer  values.  The  peak  values  outside  the 
auroral  oval  reflect  these  seasonal  differences  in  the  conductivity  of  the  thermosphere.  As 
a  result,  the  hemispheric  Integrated  Joule  heating  rates  maximise  in  the  summer  hemisphere. 

The  seasonal  difference  Is  most  clearly  seen  by  comparing  Figure  8a  and  c,  for  winter 
and  summer  conditions  respectively .  In  the  auroral  oval  the  dusk  or  dawn  auroral  oval 
values  have  changed  by  about  50%  due  to  the  small  relative  change  in  ionization  from  solar 
radiation.  The  polar  cap  feature  however,  In  this  case  on  the  dusk  side,  Is  considerably 
Increased,  In  some  areas  increasing  In  magnitude  by  more  than  a  factor  of  three.  The 
extreme  difference  In  magnitude  of  this  polar  cap  feature  Is  due  to  the  fact  that  In  winter, 
at  this  time,  the  Location  of  the  peak  associated  with  the  fast  ion  velocities  near  0200  LT 
Is  Just  In  darkness,  and  experiences  modest  fluxes  of  auroral  precipitation.  In  summer  this 
same  location  now  has  a  zenith  angle  close  to  50° ,  at  this  time,  and  the  change  In  solar 
Ionization  dominates  the  response. 

Peak  Joule  heating  values  for  both  simulations  with  IMF-BY  negative  occur  In  the  early 
dusk  magnetic  sector.  In  winter  and  summer,  dusk  auroral  oval  values  exceed  the  dawn  values 
by  a  factor  of  two.  In  summer  the  extreme  polar  cap  maximum  exceeds  the  dawn  sector  values 
by  a  factor  of  six. 

For  IMF-BY  positive  (Figure  8b  and  d)  the  seasonal  differences  are  less  dramatic,  and 
both  patterns  are  very  different  from  Figures  8a  and  c.  The  double  feature  is  now  In  the 
dusk  sector,  and  the  peak  values  are  near  midnight,  within  the  auroral  oval,  and  towards  the 
dayside  for  th*  polar  cap  feature.  The  polar  cap  feature  again  relies  on  solar  produced 
plasma,  and  again  increases  in  magnitude  by  a  factor  of  three.  The  midnight  sector  peak 
increases  by  about  50%  from  winter  to  summer. 

The  effect  of  ignoring  the  Influence  of  the  neutral  wind  on  the  height  -  integrated  Joule 
heating  rate  can  be  seen  In  Figure  9,  which  shows  data  from  the  same  four  simulations.  The 
dawn  and  midnight  sector  auroral  oval  values  have  changed  little,  but  Joule  heating  in  the 
dusk  auroral  oval  has  Increased  by  30  to  40%.  This  result  is  a  direct  reflection  on  the 
ability  of  the  neutral  wind  to  follow  the  Ion  motion.  It  has  been  discussed  extensively 
both  from  observation  /12/  and  from  simulations  /27,42/  that  the  dusk  sector  neutral 
atmosphere  is  much  more  able  to  follow  the  Ion  drift  vector.  This  effect  has  been  explained 
as  an  inertial  resonance  effect,  where  the  natural  motion  of  the  atmosphere  at  mid  and  high 
latitudes  Is  to  follow  a  clockwise  vortex.  The  dusk  sector  ion  motion  naturally  excites 
this  trend  driving  the  larger  winds  In  this  sector.  Therefore  when  the  V  x  fi  component  is 
removed  from  the  full  expression  for  the  Joule  heating  rate,  the  main  effect  is  an  increase 
in  the  dusk  sector.  In  the  polar  cap  regions  of  high  Joule  heating,  on  the  dusk  (BY 
negative)  and  davn  (BY  positive)  sides  the  peak  values  are  reduced  when  neutral  winds  are 
excluded . 

Deriving  FAC  from  the  statistical  models  of  convection  and  precipitation,  even  using  the 
fully-coupled  thermosphere  -  ionosphere  model,  is  stretching  their  relevance  to  the  limits. 
The  height- integrated  horizontal  Ionospheric  current  system  is  obtained  from  a  product  of 
the  conductivity  and  total  electric  field,  and  the  FAC  system  Is  calculated  from  the 
divergence  of  the  horizontal  current.  This  condition  then  satisfies  current  continuity. 
Combining  this  calculation  with  the  previously  derived  quantities,  we  then  have  an 
indication  of  the  total  demand  made  by  the  ionosphere  on  the  magnetospherlc  sources  of 
plasma,  charge,  momentum  and  energy.  For  the  horizontal  current  to  flow  In  the  Ionosphere, 
current  continuity  demands  that  either  the  magnetosphere  Is  able  to  supply  the  necessary 
FAC,  or  polarization  charges  build  up  within  the  Ionosphere,  (or  via  instabilities  triggered 
by  large  FAC  or  'double- layers '  etc),  which  tend  to  reduce  the  magnitude  of  the  electric 
field  Imposed  upon  the  upper  atmosphere.  The  sensitivity  of  the  magnetosphere  to  the 
feedback  from  the  Ionospheric  current  system  Is  as  yet  difficult  to  quantify  experimentally 
or  theoretically. 

Figure  10  show  the  FAC,  for  the  northern  polar  regions  from  the  same  four  simulations. 
Region  1  and  2  of  the  Blrkeland  (FAC)  current  system  are  clearly  defined. 


In  winter  the  peak  upward  FAC  are  larger  in  magnitude  than  the  downward  FAC,  with  peak 
values  a  factor  1.5  to  2  larger.  The  regions  of  convergence  of  the  he ight -  integrated 
horizontal  current  which  drive  the  upward  FAC,  are  within  the  auroral  oval.  The  regions  of 
divergent  horizontal  current  tend  to  lie  outside  those  of  auroral  precipitation  and 
therefore  rely  on  solar 'produced  conductivities.  The  upward  FAC  is  confined  to  a  smaller 
area  Globally- integrated ,  the  differences  between  total  upward  and  downward  FAC  appear  to 
be  small,  within  physical  and  numerical  uncertainties,  as  might  be  expected. 

In  summer  the  upward  current  increases  only  by  about  50*.  In  contrast  the  downward 
current  increases  by  a  factor  of  2-3,  reflecting  the  Importance  of  the  increase  in  solar 
produced  conductivities.  The  result  is  that  in  summer  the  peak  in  the  upward  and  downward 
FAC  roughly  balance. 

A  number  of  differences  occur  in  the  FAC  due  to  the  orientation  of  the  IMF -BY.  The 
magnitudes  for  IMF-BY  positive  exceed  those  for  BY  negative  by  50%.  For  BY  negative  the 
upward  FAC  closes  on  the  Jayside.  to  just  form  a  continuous  circle,  surrounding  the  region 
of  downward  FAC.  For  IMF-BY  positive  the  continuity  of  the  upward  current  on  the  dayside  Is 
split  by  a  region  of  downward  current.  The  region  of  upward  FAC  is  now  diverted  over  the 
polar  cap,  but  in  the  midnight  sector  the  continuity  of  the  pattern  is  much  smoother 

8.  CONCLUSIONS. 

Data  are  presented  from  a  series  of  four  numerical  simulations  of  the  coupled 
thermosphere  and  ionosphere.  The  data  from  high  latitudes  are  shown,  at  high  (300km;  and 
low  (125km)  thermospheric  altitudes,  to  illustrate  the  response  of  the  system  to  changes  in 
the  orientation  of  the  IMF  BY  component  at  the  summer  and  winter  solstices.  Each  simulation 
is  at  high  solar  activity  and  moderate  geomagnetic  activity,  and  data  are  presented  for  IS 
UT. 

In  the  winter  F-region,  the  plasma  distribution  is  strongly  controlled  by  transport.  As 
the  convection  electric  field  moves  into  sunlight,  solar  produced  ionization  is  'picked-up' 
and  carried  over  the  polar  cap.  For  By  negative,  a  tongue  of  plasma  extends  over  the  dusV 

side  of  the  polar  cap.  the  convection  electric  field  being  assisted  by  the  natural  tendency 

of  co-rotation.  A  polar  ionisation  hole  Is  created  by  the  lack  of  transport  from  regions  cl 
plasma  generation,  no  photoionisation  and  negligible  particle  ionization.  Plasma  carried 
anti-sunward  over  the  dusk  side  of  the  polar  cap  continues  into  the  dusk  auroral  oval,  where 
number  densities  exceed  those  In  the  dawn  sector  auroral  oval  by  at  least  a  factor  of  two 
For  By  positive  the  tendency  of  the  convection  electric  field  is  to  transport  che  plasma  to 
the  dawn  side  of  the  polar  cap.  The  opposing  Influence  of  co-rotation  in  this  case 
restricts  the  flow,  resulting  in  a  much  smaller  tongue  over  the  central  polar  cap  Auroral 
oval  ion  densities  in  this  case  remain  symmetric.  In  both  cases  a  sub-auroral  trough 
encircles  the  nightside. 

There  is  also  a  characteristic  neutral  wind  response  in  the  upper  thermosphere  to  the 
changing  sense  of  IMF  By.  For  By  negative,  enhanced  anti  sunward  winds  occur  on  the  dusk 

side  of  the  polar  cap,  and  modest  sunward  winds  are  generated  in  the  d.ivn  auroral  oval.  For 

By  positive  the  peak  anti-sunward  winds  move  to  the  dawn  side  of  the  polar  cap,  and  the 
sunward  winds  In  the  dawn  auroral  oval  are  virtually  eliminated.  In  both  cases  substantial 
sunward  winds  occur  in  the  dusk  auroral  oval,  but  are  stronger  for  By  negative  due  to  the 
higher  ion  densities,  resulting  from  fast  ion  transport  from  the  dayside,  across  the  dusk 
side  of  the  polar  cap  and  into  the  dusk  auroral  oval. 

In  summer  the  plasma  distributions  are  flatter,  are  generally  lower  in  eoncentra t Ion , 
and  lack  the  sub-auroral  trough,  at  least  at  18  UT,  as  presented  here.  Transport  is  much 
less  important  in  defining  the  plasma  distribution  which,  in  summer,  at  this  level  of 
geomagnetic  activity,  is  controlled  by  the  peaks  and  troughs  in  neutral  composition.  Plasma 
density  minima  correlate  with  peaks  in  the  mean  molecular  mass,  and  contrast  with  the  peaks 
in  ion  density  that  occurred  at  similar  locations  in  winter  The  generally  higher  mean 
molecular  mass  (l.e.  enhanced  molecular  species)  in  summer  Is  created  by  the  global  seasonal 
neutral  circulation  pattern.  At  high  latitudes  the  pattern  is  modulated  by  regions  of 

enhanced  upwelling  due  to  Joule  heating,  and  the  characteristic  By  dependent  composition 
distribution  is  finally  imposed  by  the  transport  effect  of  the  horizontal  neutral  wind.  The 
neutral  wind  maintains  its  By  dependence  in  summer,  and  changes  very  little  with  season. 

The  ion  temperature  in  the  F-region  is  higher  in  summer  due  to  the  seasonal  difference 

in  the  temperature  of  the  neutral  atmosphere.  The  overall  pattern  of  ion  temperature  is 
primarily  dependent  on  the  ion-neutral  velocity  difference,  which  will  be  a  function  of  the 
IMF-BY  direction,  at  least,  and  will  depend  little  .  season.  Ion  temperature  distribution, 
as  with  many  other  features,  will  be  highly  dependent  on  the  actual  Ion  convection  pattern. 

The  ratio  of  atomic  to  molecular  ions  at  300  km  altitude  has  a  strong  seasonal 

dependence,  virtually  reflecting  the  strong  seasonal  difference  in  the  neutral  composition. 
In  winter  0+  dominates,  in  summer  the  concentration  of  molecular  ton  increase  dramatically, 
such  that  in  some  areas  of  the  summer  polar  region  they  exceed  the  atomic  ion  concentration. 

In  the  E-reglon,  at  this  level  of  geomagnetic  activity,  the  ion  density  in  the  auroral 
oval  is  dominated  by  auroral  precipitation,  which  for  these  simulations  has  no  By  or 
seasonal  dependence.  Small  changes  do  occur  due  to  the  seasonal  changes  in  solar 

ionization.  Outside  the  auroral  oval.  Increased  solar  illumination  in  summer  generates  ion 
densities  exceeding  those  in  winter  by  about  a  factor  of  three. 


The  neutral  wind  in  the  lower  thermosphere  maintains  the  signature  of  the  IMF  By  that 
was  the  hall-mark  of  the  F-region  circulation.  It  has  a  noticeable  but  not  dominant 
seasonal  variation  due  to  the  Increase  of  ion  density  by  the  background  solar  illumination. 

The  height- integrated  Joule  heating  rate  shows  a  strong  seasonal  and  BY  dependence.  A 
double -peak  feature  develops  In  the  dusk  sector  for  BY  negative,  and  in  the  dawn  sector  for 
BY  positive.  Within  the  auroral  oval,  the  seasonal  increase  is  small,  50%,  due  to  primary 
dependence  of  conductivity  on  auroral  precipitation.  In  the  polar  cap  the  seasonal  response 
is  large,  due  to  dependence  on  solar  produced  conductivity . 

In  the  dusk  auroral  oval.  Joule  heating  exceeds  that  in  the  dawn  sector  by  a  factor  of 
two.  Ignoring  neutral  winds  enhances  Joule  heating,  particularly  in  the  dusk  sector,  thus 
increasing  the  ratio  of  Joule  heating  in  the  dusk/dawn  sectors.  The  conductivity  changes 
are  also  reflected  In  the  patterns  of  FAC. 
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(otherwise  as  Figure  1).  The  ion  temperature  scale  is  linear  908  to  2408K;  0+  and  molecular 
Ions  use  a  common  logarithmic  scale  from  1.6  *  109  to  1.6  *  1012  m’  ;  H+  uses  a  logarithmic 
scale  from  4  *  10^  to  A. 47  *  10  m’^. 
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DISCUSSION 


E.Szuszczewicz 

A  measure  of  the  merit  of  a  theoretical  or  numerical  model  is  not  only  the  integrity  of  its  empirical  input  modules  (e.g.. 
convection  fields  and  particle  precipitation  patterns),  hut  the  integrity  of  its  theoretical  output  in  its  fit  to  available 
data.  I  worry  about  the  00- 150  km  region.  Tor  example.  MSIS  is  based  on  data  above  150  km  and  below  00  km.  and 
simply  extrapolates  the  results  of  those  regions  to  cover  the  00  150  km  domain.  A  thermospheric  model  therefore  has 
little-to-no  data  in  this  region  to  measure  the  integrity  to  specify  densities,  composition  and  winds.  There  is  a  similar 
problem  with  ionospheric  density  distributions  in  this  region,  particularly  at  night  and  under  conditions  of  sporadic  K. 
With  the  90-  150  km  region  being  so  critical  to  things  like  Pedersen  conductivities,  current  systems,  and  wind-driven 
dynamo  fields,  1  wonder  what  the  future  holds  for  global  codes,  which  attempt  a  self-consistent  representation  of  the 
magnetosphere-ionosphere-thermosphere  system  but  fare  a  virtually  non-existent  data  base  in  the  ever-critical  90  150 
km  domain.  Would  you  comment  on  this  problem? 

Author’s  Reply 

I  he  region  below  250  km  is  a  serious  problem  because  it  is  a  hard  place  to  make  measurements.  Rockets  can  probe 
that  region,  but  it  would  be  very  expensive  to  build  an  empirical  data  base  that  wav.  The  Upper  Atmospheric 
Research  Satellite  will  not  really  address  the  90  150  km  region  very  seriously  because  almost  nothing  gives  a  good 
oplital  signature  in  this  region.  The  t'hlJAK  program  in  the  Tinted  States  will  help,  but  there  will  not  be  a  major 
improvement  in  tin*  near  future  in  comparison  to  the  data  that  are  needed. 
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SUMMARY 

Our  present  knowledge  about  the  interaction  between  magnetic  storm  associated  changes  in  the  neutral 
gas  composition  and  ionospheric  storms  is  reviewed.  After  a  brief  description  of  ionospheric  disturbance 
effects,  it  is  shown  that  the  negative  phase  is  caused  by  a  decrease  of  the  atomic  oxygen  to  molecular 
nitrogen  (oxygen)  density  ratio..  Local  time  variations  are  discussed  as  an  example  of  systematic  changes 
common  to  both  disturbance  phenomena.  It  is  shown  that  negative  ionospheric  storms  may  be  confuved  with 
ionospheric  trough  effects  which  are  not  produced  by  neutral  composition  changes.  There  is  alv*  no 
association  between  composition  perturbations  and  positive  ionospheric  storm  effects  which  agaiv.  are 
attributed  to  the  transport  of  ionization. 


!.  INTRODUCTION 

Magnetic  storm  associated  perturbations  of  the  neutral  and  ionized  upper  atmosphere  remain  a 
challenging  topic  of  solar-terrestrial  physics.  They  not  only  have  a  profound  influence  on  the  global 
morphology  of  the  upper  atmosphere  but  may  also  severely  degrade  subi onospheric  radio  communication  and 
satellite  ephemeris  predictions.  This  review  is  concerned  with  the  .? cuplin-j  of  neutral  atmospheric  and 
ionospheric  disturbance  phenomena.  Specifically,  the  interaction  between  storm-associated  changes  in  the 
neutral  gas  composition  and  ionospheric  storm  effects  is  investigated.  The  material  is  thereby  organized 
in  the  following  way:  Section  2  briefly  reviews  some  basic  properties  of  ionospheric  storms.  The 
cause-effect  relationship  between  neutral  composition  changes  and  negative  ionospheric  storms  is  demon¬ 
strated  in  Section  3.  A  discussion  of  ionospheric  trough  effects  and  their  relation  to  negative 
ionospheric  storms  (Section  4)  follows.  Finally,  Section  5  briefly  reviews  the  generation  of  positive 
ionospheric  storms. 


2.  BASIC  MORPHOLOGY  OF  IONOSPHERIC  STORMS 

Early  studies  established  the  fact  that  at  middle  latitudes,  the  maximum  electron  density  may  be 
enhanced  (positive  ionospheric  storm  effects)  and 'or  depressed  (negative  ionospheric  storm  effects) 
during  a  magnetic  storm,  "igure  1  illustrates  both  disturbance  effects  by  showing  the  time  variation  of 
the  maximum  electron  density  as  observed  at  two  mid-latitude  stations  during  a  magnetic  storr.  The 
monthly  median  serves  as  a  quiet-time  reference.  As  is  evident,  the  ionosphere  above  Brisbane  exhibits  a 
large  reduction  of  the  maximum  electron  density,  whereas  the  innnsphprp  above  Pt .  Arguello  shows  a 
considerable  enhancement  of  ionization.  Since  measurements  of  the  total  electron  content  of  the 
ionosphere  show  very  similar  variations,  the  observed  changes  in  the  maximum  electron  density  reflect  the 
behavior  of  the  *'»:*:>♦.'  F-layer  and  are  not  simply  due  to  a  distortion  of  the  ionization  height  profile. 

The  completely  different  disturbance  behavior  of  the  ionosphere  above  two  comparable  mid-latitude 
locations  indicates  the  complex  morphology  of  ionospheric  storms.  Thus  strong  longitudinal  and  latitudi¬ 
nal  asymmetries  exist.  In  addition,  storm  patterns  may  vary  considerably  from  one  event  to  the  next. 
Apart  from  this  apparently  irregular  behavior,  certain  systematic  variations  are  also  observed.  For 
example,  the  north-south  asynnetry  illustrated  in  Fig.  1  may  be  attributed  to  seasonal  variations,  with 
negative  storm  effects  extending  to  much  lower  latitudes  in  the  summer  hemisphere.  Other  regular 
variations  include  charges  with  magnetic  storm  intensity,  geomagnetic  position,  and  local  time  (e.g.  [1J, 
and  references  therein). 


3.  COMPOSITION  CHANGES  AND  NEGATIVE  STORM  EFFECTS 

More  than  30  years  ago,  it  was  suggested  that  the  negative  phase  of  ionospheric  storms  is  caused  by 
changes  in  the  neutral  gas  composition  which  were  assumed  to  be  an  integral  part  of  atmospheric  storms 
121.  This  explanation  has  been  fully  supported  by  satellite-borne  mass  spectrometer  measurements  (e.g. 

I  3|).  Figure  2  shows  the  basic  latitudinal  structure  of  a  large  thermospheric  storm.  Magnetic  storm 
induced  changes  in  the  exospheric  temperature,  in  the  argon,  molecular  nitrogen,  atomic  oxygen,  and 
helium  densities,  in  the  molecular  nitrogen  to  atomic  oxygen  density  ratio,  and  in  the  total  mass  density 
are  plotted  as  a  function  of  magnetic  latitude.  The  departures  from  quiet-time  conditions  are  presented 
in  the  form  of  relative  changes.  Thus  R(n)  is  defined  as  the  stormtime  value  of  a  quantity  n  divided  by 
the  corresponding  quiet-time  value,  and  R(n)  -  1  serves  as  reference,  meaning  no  change  with  respect  to 
quiet  times. 

The  prominent  feature  of  Fig.  2  is  the  wel  1  -devel oped  composition  disturbance  zone  at  high  and 
middle  latitudes.  It  is  marked  by  a  large  temperature  increase,  a  large  increase  in  the  argon  and 
molecular  nitrogen  densities,  a  moderate  but  still  significant  decrease  in  the  atomic  oxygen  density,  and 
a  large  decrease  of  the  helium  density.  With  respect  to  ionospheric  perturbations,  it  is  the  decrease  of 
atomic  oxygen  and  the  concurrent  increase  of  the  molecular  nitrogen  density  which  are  of  immediate 
interest.  This  is  because  a  decrease  of  atomic  oxygen  will  cause  a  decrease  of  the  ionization  production 
rate,  and  an  increase  in  the  molecular  species  will  cause  an  increase  in  the  ionization  loss  rate.  Thus 


both  density  changes  combine  to  produce  3  decrease  of  the  F-layer  ionization  density.  The  molecular 
nitrogen  to  atomic  oxygen  density  ratio  is  therefore  a  suitable  parameter  to  study  the  coupling  between 
both  disturbance  phenomena. 

Or.e  would  expect  that  whenever  an  ionosonde  station  is  located  inside  a  region  of  disturbed  N-'Q 
composition,  it  will  experience  negative  ionospheric  storm  effects,  and  this  is  indeed  observed.  Figure  3 
shows  a  comparison  between  the  latitudinal  distribution  of  neutral  atmospheric  and  ionospheric  distur¬ 
bance  effects.  Relative  changes  in  the  ^/O  density  ratio  indicate  the  latitudinal  structure  of  the 
atmospheric  disturbance  zone.  The  ionospheric  response  to  the  composition  disturbance  is  illustrated  in 
the  lower  part  of  the  figure  using  critical  frequency  data  from  three  ionosonde  stations  located  along 
the  satellite  pass.  As  is  evident,  both  stations  located  inside  the  atmospheric  oerturbation  zone  show 
significant  negative  storm  effects,  whereas  the  station  located  outside  the  perturbation  zone  does  not 
observe  any  deprersion  in  the  ionization  density.  This  kind  of  comparison  clearly  documents  the  close 
correlation  between  composition  changes  and  negative  ionospheric  storm  effects. 

'o  establish  the  cause-effect  relationship  between  botn  phenomena  also  in  a  quantitative  way,  a 
numerical  simulation  of  negative  storms  was  performed  using  observed  composition  data  as  input.  The 
results  of  this  calculation  are  illustrated  in  Fig.  4.  The  upper  part  shows  relative  day-to-Qay 
variations  in  the  Q/N-  density  ratio  as  observed  near  an  ionosonde  station  during  a  6-day  time  interval. 
These  composition  data  were  introduced  into  an  ionospheric  model  to  reproduce  the  day-to-day  variation  in 
the  maximum  electron  density  observed  at  this  station.  The  procedure  adopted  was  to  adjust  the  exospheric- 
temperature  and  the  atomic  oxyger  density  at  the  lower  boundary  level  of  the  atmospheric  model  in  such  a 
way  that  at  the  time  of  the  satellite  pass  (about  0900  IT),  the  model  value*  for  0  and  r<2  agreed  with  the 
measured  ones.  For  simplicity  it  was  assumed  that,  superimposed  on  the  daily  variation,  there  is  a  smooth 
transition  from  one  adjusted  value  to  the  next,  'he  results  of  this  computation  are  presented  in  the 
lower  part  of  Fig.  4.  Also  shown  for  comparison  is  the  observed  variation  of  the  maximum  electron 
density.  The  good  agreement  between  theoretical  prediction  and  actual  measurement  is  evident. 

Additional  evidence  for  tne  close  coupling  between  neutral  composition  changes  and  negative  storm 
effects  is  derived  from  the  fact  that  both  phenomena  exhibit  the  same  systematic  variations.  These 
include  systematic  changes  with  the  dis‘urbance  intensity,  with  «  aqnetic  position,  with  local  time,  and 
with  season  (e.g.  Til).  There  also  may  be  a  dependence  on  solar  activity  and  or,  the  By  component  of  the 
interpl anetary  magnetic  field,  but  these  changes  -emam  to  be  firmly  established.  In  what  follows,  only 
the  local  time  variation  will  be  discussed. 

One  of  the  more  prominent  characteristics  of  negative  ionospheric  storms  is  that  they  most 
frequently  commence  in  the  nighttime  -  early  morning  sector  but  rarely  during  the  daytime.  This  is 
illustrated  in  Fig.  5,  which  shows  the  local  time  distribution  of  onset  times  of  negative  ionospheric 
storms  as  observed  at  a  number  of  mid-latitude  stations  in  t.ne  course  of  a  year.  Although  these  onset 
times  were  determined  by  inspection  and  therefore  involve  some  subjective  judgment,  and  although  some  cf 
the  data  points  comp  from  adjacent  stations,  it  is  safe  to  conclude  that  most  storms  am  first  observed 
between,  say.  4  and  &  in  the  morning,  hut  rarely  rommence  between  11  and  17  hours  local  time.  This  local 
time  a  Symmetry  is  consistent  with  the  idea  that  the  major  transfer  of  disturbance  energy  from  the  polar 
to  the  mid-latitude  region  occurs  in  the  early  morning  sector.  This  point  is  illustrated  schematically  in 
Fig.  6.  At  storm  onset,  the  strong  expansion  of  the  atmospheric  disturbance  toward  lower  latitudes  is 
restricted  to  the  morning  sector.  It  is  only  later  in  the  post-expansion  phase  that  the  residuals  of  the 
morning  disturbance  are  also  seen  in  the  local  afternoon  sector.  This  implies  that  the  disturbance 
magnitude  in  the  morning  sector  should  be  significantly  larger  than  that  in  the  af ternoon/t vening  sector, 
and  this  is  indeed  observed  (e.g.  17)  and  1811. 

At  least  two  aspects  of  the  above  model  need  further  clarification,  rirst,  this  model  rests  on  the 
assumption  that  the  disturbance  effects  are  *p. from  high  to  middle  latitudes  and  are  not 
produced  locally.  Although  consistent  with  present  experimental  evidence,  this  assumption  cannot  yet 
considered  a*  proven.  Secondly,  the  disturbance  transport  itself  requires  further  study,  ana  different 
mechanisms  -  like  large-scale  circulation,  large-scale  convection,  waves  and  cyclone-type  wind  systems  - 
have  been  discussed  in  this  connection. 

4.  NEGATIVE  STORM  EFFECTS  AND  IONOSPHERIC  TROUGHS 

Since  both  negative  ionospheric  storms  and  ionospheric  troughs  are  marked  by  a  decease  in  the 
ionization  density,  and  since  both  phenomena  move  toward  lower  latitudes  during  disturbed  conditions, 
their  signatures  may  be  confused.  This  is  especially  true  for  higher  mi d- 1  at i tudp  locations  where  both 
effects  may  be  observed.  Figure  7  illustrates  this  point  using  critical  frequency  data  obtained  at  Ottawa 

(58  invariant  latitude)  during  a  disturbed  day.  Following  an  intermediate  increase  (positive  sti'rm 

effect)  of  the  electron  density  in  the  afternoon,  there  is  a  sharp  drop  of  the  density  in  the  evening, 

suggesting  the  onset  of  a  negative  ionospheric  storm.  This,  however,  is  not  the  case.  Satellite  data 

obtained  during  this  event  instead  suggest  that  Ottawa  had  rotated  into  the  trough  region  and 
trough  had  moved  and  expanded  beyond  the  latitude  of  Ottawa,  causing  the  abrupt  drop  in  the  i 
density  observed.  Similar  events  were  documented  before  and  were  interpreted  in  the  same  way  (e.g.  1 1 . 

The  distinction  between  negative  ionospheric  storms  and  trough  effects  implies  the  assumption  that 
both  phenomena  have  different  origins.  According  to  the  current  literature  (e.g.  I  10  -  13)  and  references 
therein),  this  is  indeed  the  c<s -m.  Thus  neutral  gas  composition  changes  are  generally  considered  as 
unimportant  for  the  trough  formation.  However,  actual  evidence  in  support  of  this  claim  u  scarce 
[14-151.  Therefore  an  additional  study  was  undertaken  to  verify  this  point.  The  results  may  be  summarized 
as  follows:  (1)  In  the  winter  evening  sector  and  during  moderately  active  conditions,  the^e  usually 
exists  a  wel 1 -developed  ionospheric  trough  at  subauroral  latitudes  which  features  a  steep  drop  in  the 
electron  density  at  the  equatorward  side  and  a  less  steep  rise  at  the  poleward  side.  (2)  There  also 
exists  as  a  permanent  feature  in  this  region  a  localized  composition  disturbance  zone  which  is  marked  by 
a  moderate  increase  in  the  molecular  nitrogen  density.  (3)  A  comparison  of  the  latitudinal  distribution 
shows  that  the  composition  disturbance  zone  is  usually  located  poleward  of  the  trough.  Also,  there  is  no 
similarity  between  the  ramp-like  increase  of  the  N^  density  and  the  v-shaped  structure  of  the  trough. 


(4)  Whereas  the  electron  density  shows  a  large  decrease  (=  factor  10),  the  N~  density  is  only  moderately 
enhanced  { s  factor  2).  This  data  comparison  convincingly  demonstrates  that  Ionospheric  troughs  are  not 
caused  by  changes  in  the  neutral  gas  composition.  This  also  applies  for  the  nighttime/early  morning 
sector  where  the  trough  is  less  deep  and  the  density  increase  is  somewhat  larger. 

S.  POSITIVE  IONOSPHERIC  STORMS 

It  has  been  repeatedly  suggested  that  positive  ionospheric  storms  are  also  caused  by  changes  in  the 
neutral  gas  composition  (e.g.  [16-18]).  This  contention,  however,  is  not  supported  by  the  data.  Figure  8 
shows  another  example  of  the  distribution  of  ionospheric  storm  effects  in  relation  to  the  latitudinal 
structure  of  an  atmospheric  disturbance.  It  is  evident  that  the  positive  storm  effects  observed  at  two  of 
the  stations  (8oulder  and  Winnipeg)  are  not  associated  with  any  significant  changes  in  the  neutral  gas 
composition. 

Further  evidence  for  this  lack  of  correlation  is  presented  in  Fig.  9.  Day-to-day  variations  of  the 
O/Np  density  ratio  are  compared  to  changes  in  the  maximum  electron  density.  No  correlation  is  found 

between  the  smoothly  varying  composition  and  the  positive  storm  effects  observed  between  October  28  and 
30. 

These  data  strongly  suggest  that  positive  storms  are  caused  by  transport  of  ionization.  It  was 
demonstrated  that  both  meridional  winds  and  zonal  electric  fields  can  lift  ionization  into  regions  of 
reduced  loss  rates,  thereby  causing  an  increase  in  the  density  (e.g.  1191),  However,  positive  storm 

effects  were  also  modeled  using  hovizoKt^tl  electrodynamic  drifts  [201,  and,  during  nighttime,  using 

downward  transport  of  ionization  [211.  Since  all  mechanisms  can  produce  positive  storm  effects,  it  is 
quite  possible  that  different  mechanisms  are  operative  at  different  times  or  even  simultaneously. 

Figure  10  illustrates  a  special  kind  of  positive  storm  effect,  namely  that  of  short  duration 

sometimes  observed  at  middle  latitudes  in  association  with  substorm  activity.  In  this  particular  case, 
the  positive  storm  effect  is  most  probably  caused  by  an  upward  transport  of  ionization.  Figure  11  shows 
that  in  response  to  the  substorm  activity,  the  ionospheric  F-layer  is  lifted  upward  by  tens  of 

kilometers.  Subsequently,  the  marked  increase  in  ionization  density  is  observed.  A  possible  explanation 
for  this  increase  in  layer  height  are  meridional  winds  carried  from  the  polar  region  toward  lower 

latitudes  by  large-scale  traveling  atmospheric  disturbances  (e.g.  I  22-251). 

Accordingly,  if  it  is  assumed  that  positive  disturbance  effects  are  caused  by  winds  and/or  electric 
fields,  the  principle  interactions  between  magnetospheric,  neutral  atmospheric,  and  ionospheric  storms 
may  be  summarized  as  shown  in  the  block  diagram  of  Fig.  12.  To  keep  the  diagram  simple,  possibly 

important  interactions  have  been  omitted.  For  example,  electric  fields  will  also  modify  tin?  wind  system 

and  vice  versa;  or  a  reduction  of  the  ionospheric  plasma  density  may  result  in  larger  wind  speeds;  and  at 
times,  positive  and  negative  storm  effects  may  be  competing  phenomena. 
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Fig.  1  Magnetic  storm  induced 
changes  in  the  ionospheric  electron 
density.  Measured  F2-layer  maximum 
electron  densities  (Nmax,  heavy  dot¬ 
ted  lines)  obtained  at  two  mid-lati¬ 
tude  stations  during  the  magnetic 
disturbance  event  of  21/22  February 
73  (upper  panel)  illustrate  negative 
and  positive  ionospheric  storm  ef¬ 
fects.  The  monthly  median  serves  as 
a  quiet-time  reference  (thin  lines) 
111. 
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Fig.  2  Basic  latitudinal  structure 
of  a  thermospheric  storm.  The  upper 
panel  shows  the  development  of  the 
magnetic  activity  during  the  event. 
It  also  indicates  the  times  at  which 
the  storm  data  and  the  quiet-time 
reference  data  were  measured.  The 
lower  panel  presents  storm-associat¬ 
ed  changes  in  the  exospheric  tempera¬ 
ture  ( T,„ ) ,  in  the  argon  (Ar),  molecu¬ 
lar  nitrogen  (No),  atomic  oxygen 
(0),  and  helium  (He)  densities,  in 
the  molecular  nitrogen  to  atomic  oxy¬ 
gen  concentration  ratio  (Np/0),  and 
in  the  total  mass  density  ^(o).  The 
exospheric  temperature  has  been  in¬ 
ferred  from  the  nitrogen  data.  All 
density  data  have  been  adjusted  to  a 
common  altitude  (280  km)  and  normal¬ 
ized  to  prestonr  conditions.  In  this 
kind  of  presentation,  R(n)  -  1 
serves  as  a  reference,  meaning  no 
change  with  respect  to  quiet  times. 
The  data  refer  to  the  morning  local 
time  sector  (approximately  0900  SIT) 
and  fall  conditions.  At  the  equator, 
the  geographic  longitude  and  univer¬ 
sal  time  of  observation  were  246  °E 
and  16:52,  respectively  l 4 | . 
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Fig.  3  Comparison  between  the  latitudinal  structure  of  neutral  atmospheric  and  ionospheric 
disturbance  effects.  The  upper  panel  shows  relative  changes  in  the  N2/O  density  ratio  as 
observed  near  301  °E  on  23  February  73.  R(N?/0)  =  1  serves  as  the  quiet-time  reference,  and 
local  time  of  observation  is  approximately^  1 1  hours.  The  lower  panel  shows  the  local  time 
variation  of  the  F2-layer  critical  frequency  (heavy  dotted  line)  as  observed  at  three 
ionosonde  stations  whose  relative  positions  with  respect  to  the  atmospheric  disturbance  zone 
are  indicated  by  arrows.  The  monthly  median  of  frf2.  for  February  73  (thin  line)  serves  as 
the  quiet-time  reference.  A  tick  mark  on  the  ordinate  gives  the  5  MHz  level  (for  each 
station  separately),  and  the  bar  on  the  left-hand  side  indicates  the  scale  used  for  all 
stations.  AI,  PS,  and  BA  stand  for  Argentine  Island,  Port  Stanley,  and  Buenos  Aires  [11. 


Fig.  4  Comparison  between  calculat¬ 
ed  and  observed  day-to-day  va»  ia 
tions  in  the  F2-layer  maximum  elec¬ 
tron  density.  The  upper  part  shows 
day-to-day  variations  in  the  0/N? 
density  ratio  at  260  km  altitude  as 
observed  near  Boulder  (BC)  during  a 
six-day  interval  in  October  73  (see 
also  Fig.  2).  The  lower  part  shows 
the  calculated  and  observed  response 
of  the  ionosphere  to  these  composi¬ 
tion  changes.  Variations  of  the  maxi¬ 
mum  electron  density,  Nm,x>  are  plot¬ 
ted.  Note  that  all  data  have  been 
normalized  to  values  obtained  on 
27  October  73  151. 


5  Local  time  distribution  of  onset  times  of  negative  ionospheric  storms  as  observed  at 
(T- latitude  stations  during  the  year  1973  [61. 


AT.  A(N2/0) 


22-8 


MAG-  l  A  T- 


Fig.  6  Possible  origin  of  local 
time  dependent  changes  of  atmospher¬ 
ic  storm  effects  [  8  J. 


Fiq.  7  Trough  effects  at  middle 
1  afiTuiJes.  Stormtime  variation  of 
the  critical  frequency  of  the  F2 
layer  (full  line)  as  observed  at 
Ottawa  (58°  invariant  latitude)  on 
7  December  82.  Also  shown  for  compar¬ 
ison  is  the  monthly  median  (dotted 
line).  The  vertical  dotted  line  indi¬ 
cates  the  time  when  the  DE2  satel¬ 
lite  observed  a  trough  near  Ottawa. 


22-9 


HEIGHT,  KM 

235  229  240  260 


Fig.  8  Comparison  between  the  latitudinal  structure  of  neutral  atmospheric  and  ionospheric 
cfisturbance  effects.  Same  as  Fig.  3  for  data  obtained  near  269  °E  on  28  December  73.  Local 
time  of  observation  is  approximately  18  hours  [II. 
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Fig.  9  Neutral  composition  changes  and  positive  ionospheric  storm  effects.  Day-to-day 
variations  in  the  F2-layer  maximum  electron  density  (N^)  and  in  the  atomic  oxygen  to 
molecular  nitrogen  (O/N2)  density  ratio  are  shown  as  observed  above  four  mid-latitude 
stations  during  a  six-day  interval  in  October  73  (see  also  Figs.  2  and  4).  Both  data  sets 
have  been  normalized  to  values  observed  on  a  reference  day;  in  addition,  the  composition 
data  have  been  corrected  for  changes  in  observation  height,  local  solar  time  of  observation 
is  approximately  9  hours.  Note  that  in  contrast  to  Fig.  4,  all  four  stations  were  located 
outside  the  neutral  composition  disturbance  zone.  CP,  BA,  YG,  and  AA  stand  for  Concepcion, 
Buenos  Aires,  Yamagawa,  and  Alma  Ata  [1]. 


Fig.  12  Causal  relation  between  mag- 
netospheric,  neutral -atmospheric  and 
ionospheric  disturbance  effects  fl  ]. 
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Fig.  10  Example  of  a  short-duration 
positive  ionospheric  storm  effect. 
In  response  to  the  substorm  activity 
between  10  and  17  UT  on  23  January 
73  (AE  index,  upper  panel),  Slough 
and  other  European  stations  observe 
a  considerable  increase  in  the  criti¬ 
cal  frequency  and  therefore  in  the 
maximum  electron  density  of  the  F2 
layer  (lower  panel).  The  median  of 
fQF2  for  January  73  serves  as  the 
quiet-time  reference.  To  illustrate 
the  time  lag  between  the  increase  in 
the  AE  index  and  the  subsequent 
increase  in  fQF2,  the  change  in  the 
critical  frequency  af0F2  = 

fQF2  -  (f0F2Led,an  has  been  stfper- 
imposed  on  the  variation  of  the  AE 
index  [23]. 


Fig.  11  Changes  in  the  electron  density  profile  during  a  positive  ionospheric  storm.  The 
full’  lines  refer  to  density  profiles  obtained  at  Slough  during  the  storm  event  of 
23  January  73  (see  also  Fig.  10).  The  dotted  profiles  serve  as  a  quiet-time  reference  and 
were  obtained  on  22  January  73  (23]. 


DISCUSSION 


Y.Tulunay 

I  am  not  commenting  that  N2  composition  changes  are  not  responsible  for  the  trough  formation.  However,  in  one  of 
your  examples,  I  believe  it  was  the  high-latitude  trough  not  the  mid-latitude  trough. 

Author’s  Reply 

Kohniein  and  Raitt  ( Planet .  Space  Set.,  25,  600,  1977)  described  the  position  of  the  mid-latitude  trough  as  a  function 
of  magnetic  activity  and  local  time.  Our  study  on  the  trough  position  based  on  DE  2  data  is  in  excellent  agreement 
with  their  findings.  We  therefore  conclude  that  all  results  discussed  in  the  present  review  refer  to  the  mid-latitude 
trough. 


R.A.  Hoffman 

Following  a  substorm,  auroral  images  from  DE-1  have  shown  a  large  decrease  in  the  scattered  sunlight  from  midlatitudes 
in  the  morning  hours.  This  apparently  implies  a  large  decrease  in  oxygen.  Is  a  cause  for  this  effect  known? 


Author’s  Reply 

To  my  knowledge,  the  correlation  between  reduced  oxygen  emissions  observed  by  DE  1  and  oxygen  depletions  measured 
by  satellite-borne  mass  spectrometers  at  thermospheric  altitudes  (e.g.,  DE  2)  has  not  yet  been  investigated.  The  fact, 
however,  that  both  measurement  methods  reveal  atomic  oxygen  depletions  at  middle  latitudes  during  magnetospheric 
activity,  which  are  most  pronounced  in  the  early  morning  sector,  indicates  to  me  that  both  are  observing  the  same 
phenomenon.  If  this  is  the  case,  a  very  interesting  application  of  the  DE  1  UV  data  would  be  to  monitor  the  temporal 
development  and  expansion  of  the  thermospheric  storm  associated  oxygen  depletion.  This  cannot  be  done  using  data 
from  a  low-orbiting  satellite. 


D.Rees 

The  DE-1  spin  scan  image  shown  by  Dr.  Hoffman  show's  a  large-scale  depletion  in  oxygen  130.1  mn  resonance  emission. 
The  depletion  reflects  a  major  thermospheric  disturbance  some  6  hours  previously.  The  region  of  the  airglow  depletion 
seems  to  have  a  direct  connection  to  negative  F'- region  storm  disturbance,  and  neutral  gas  composition  disturbance. 
It  is  not  clear  that  the  discrete  aurora  expanded  equatorward  far  enough  during  this  event  to  force  the  thermospheric 
disturbance.  The  ring-particle  decay  mechanism  (energetic  ions)  can  cause  enough  disturbance,  but  the  mechanisms 
are  still  rather  qualitative  for  inclusion  in  global  models.  I  think  we  still  have  some  important  problems  to  investigate 
and,  hopefully,  solve! 

Author’s  Reply 

If  the  energy  from  the  ring  current  reaches  the  thermosphere  you  should  see  emission  and  you  don’t  see  the  emission. 


D. Anderson 

The  author  showed  a  positive  storm  at  Slough.  Does  this  mean  that  there  are  just  as  many  positive  storms  in  the 
European  sector  as  in  the  American  sector? 

Author’s  Reply 

Although  no  statistical  study  has  been  done,  there  are  apparently  more  positive  storms  in  the  American  sector  than 
in  the  European  sector. 


G.Wrenn 

I  have  a  number  of  questions  which  I  will  take  up  outside  the  meeting.  Rationing  myself  to  just  one  now,  l  accept  that 
the  trough  is  a  different  feature  to  the  negative  storm  effect,  but  I  have  trouble  with  the  idea  of  a  station  ‘rotating  into 
the  trough’.  Can  you  explain  what  exactly  departs  from  corotation. 

Author’s  Reply 

It  is  assumed  here  that  troughs  are  caused  by  transport  of  ionization  and  that  this  transport  is  affected  by  electric 
fields.  It  is  also  assumed  that  the  pattern  of  the  trough-associated  electric  fields  is  quasi-stationary  in  a  solar-geophysical 
coordinate  system.  Then  the  ionosphere  above  a  station  will  rotate  with  the  station  until  it  comes  under  the  influence 
of  the  trough-associated  field.  This  may  happen  whenever  there  is  a  local  time  asymmetry  in  the  trough  position  or  the 
trough  position  moves  equatorward.  It  is  in  this  sense  that  an  ionosonde  station  (or  the  ionosphere  above  it)  rotates 
into  the  trough  region. 


R.Schunk 

1  agree  with  your  assessment  that  0/N2  composition  changes  play  a  role  in  the  formation  of  the  main  trough.  However, 
several  years  ago  we  did  a  series  of  ionospheric  simulations  that  showed  it  is  more  important  to  know  how  the  convection 
and  precipitation  patterns  should  be  joined  in  the  trough  region.  Depending  on  how  you  matched  the  boundaries  of 
these  patterns,  you  could  get  wide  or  narrow  troughs  as  well  as  deep  or  shallow  troughs.  We  found  this  to  be  more 
important  than  the  0/N2  composition  effect  with  regard  to  trough  characteristics. 

Author’s  Reply 

As  stated  in  this  review,  neutral  composition  changes  cannot  be  responsible  for  the  formation  of  narrow  subauroral 
troughs.  However,  if  it  comes  to  modeling  the  polar  ionosphere,  it  is  important  to  realize  that  the  convection  path 
followed  by  an  ionospheric  volume  element  may  traverse  regions  of  markedly  different  composition.  For  example, 
antisunward  convection  will  take  place  within  the  polar  composition  disturbance  zone,  but  sunward  convection  may 
take  place  outside  this  region.  Unfortunately,  presently  available  neutral  atmospheric  models  are  not  in  a  position  to 
reproduce  any  smaller-scale  perturbation  effects,  including  the  boundary  of  the  polar  atmospheric  disturbance  zone. 


E.Szuszczewicz 

If  you  sorted  your  neutral  composition  data  into  dayside  and  nightside  representations,  would  the  storm- time  plots  as 
a  function  of  latitude  be  qualitatively  similar  but  shifted  more  poleward  in  the  case  of  the  dayside  plot? 

Author’s  Reply 

The  latitudinal  structure  and  magnitude  of  a  neutral  atmospheric  disturbance  depend  on  local  time.  Significant 
differences  are  sometimes  observed  between,  say,  the  early  morning  and  afternoon  perturbation  effects  (e.g.,  Prolss,  J. 
Geophys  Res.,  86,  2385,  1981). 


H.Rishbeth 

I  agree  that  the  positive  storm  effect  is  very  interesting  and  complicated.  For  the  “initial  phase”  positive  effects,  there 
may  be  regional  differences:  they  appear  to  be  especially  strong  in  the  North  American  Sector  in  the  evening.  Possible 
electrodynamic  drift  and/or  influx  from  the  plasmasphere  are  important.  Other  such  events,  e.g.,  in  Europe,  seem  to 
be  due  to  equatorward  winds,  which  lift  the  F2  layer.  As  regards  “main  phase”  positive  effects,  modified  electric  fields 
could  be  their  cause  in  low  magnetic  latitudes.  Moreover,  our  results  with  the  UCL  composition  model  do  show  an 
increased  atomic/ molecular  at  fixed  pressure  levels  at  middle  and  low  latitudes  where  “downwelling”  occurs,  and  that 
should  have  a  positive  effect  on  Afm/*2.  This  needs  to  be  quantified. 

Author’s  Reply 

I  do  agree  with  your  comment  except  that  I  do  not  consider  neutral  composition  changes  an  important  mechanism  for 
the  generation  of  positive  ionospheric  storms  (see  Section  5  of  the  present  review). 
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ABSTRACT 

Recent  observations  with  the  EISCAT  incoherent  scatter  radar  have  shown  large,  relatively  short  lived  ( -  1  hour), 
enhancements  in  the  dayside.  auroral  convection  flows  over  a  side  range  of  latitude.  These  are  larger  than  the  neutral  thermal 
speed  and  represent  the  first  experimental  observations  of  non-thermal  plasma  over  a  range  of  observing  angles,  indicating  a 
clear  angular  dependance.  The  observed  ion  temperature  anisotropy,  deduced  by  assuming  a  Maxwellian  line-ol-sight  ion 
velocity  distribution,  exceeds  the  theoretical  value  for  a  bi-Maxwellian  based  on  a  realistic  ion-neutral  collision  model. 

One  of  the  main  problems  in  this  study  was  that  the  neutral  temperature  and  wind  velocity  had  to  be  estimated  from 
either  the  radar  data  or  models,  which  may  introduce  a  large  source  of  error  into  the  calculations  described  above.  This 
problem  is  discussed  and  the  possible  consequences  are  illustrated  by  comparing  the  meridional  and  zonal  components  of 
the  neutral  wind  derived  from  RISC  AT  observations  with  those  measured  simultaneously  in  the  same  volume,  using  a  Fabry  - 
Perot  interferometer  (FPI).  A  new  experiment  is  planned  which  will  combine  low  elevation  FISC  AT  observations  of  the 
auroral  zone  polar  cap  ionosphere  with  simultaneous  FPI  measurements  of  the  neutral  wind  and  temperature,  which  w  ill 
address  some  previously  unsolved  problems  on  the  collisional  and  plasma  processes  that  occur  in  the  high-latitude 
ionosphere  thermosphere  system. 


DISCUSSION 


R.Showen 

Were  your  observations  for  a  monostatic  or  tristatic  configuration? 

Author's  Reply 

Wr  liavr  both  monostatic  ami  tristatic  observations. 


P.Vila 

Do  the  non-thermal  feat  tin's  extend  throughout  the  /  region? 

Author's  Reply 

Yes.  Certainly  above  about  ‘200  km  because  collisions  will  destroy  the  features  at  low  altitudes. 


R.Schunk 

I  would  like  to  caution  you  about  the  interpretation  of  your  measurements.  If  you  have  2  km/s  ion  drifts,  you  will 
get  ion  composition  changes  and  NO+  could  he  the  dominant  ion  up  to  340  km.  Therefore,  when  interpretating  the 
spectra  you  not  only  have  to  worry  about  bi-Maxwe||ian  features,  but  you  also  need  to  take  into  account  the  possibility 
of  both  N()+  and  0+  in  the  F- region . 

Author’s  Reply 

1  completely  agree  with  your  point  and  that  is  why  we  introduced  a  three  species  analysis  at  the  end.  However,  we 
have  a  very  unusual  set  of  circumstances  on  this  particular  occasion  and  that  is  why  we  have  N*. 


K.Suchy 

VV  hat  are  the  numerical  values  of  J||  and  dj_? 


Author’s  Reply 

We  estimated  the  values  from  the  data  and  they  are  consistent  with  the  accepted  models  of  rollisional  processes,  falling 
between  those  obtained  for  resonant  charge  exchange  and  polarization  collisions. 


OF  TF1K  AURORA. 


quiet  time  conductivities 


Asge  1  r  Brekke  and  Chris  nail 
Tii*»  Auroral  «.  »bs**  r  v<i  lr,  r  y 
r.o.  Box 
N  0001  Tromsa 
Norway 


5UMNARY 

E'SCAT  incoherent  scatter  data  of  the  F.  •  and  F  region  raw  electron  t 
>een  used  to  derive  the  aurora i  ionosphere  conductivities  and  conduct 
Empirical  formulas  for  the  solar  zenith  angle  dofiendenco  have  Been  of>t« 
;r  models  and  results. 

In  particular,  the  Hall-  to  Pedersen -conductance  ratio  has  been  found  i 
isually  reported  from  similar  work  on  incoherent  scatter  data  and  model 
tr,  when  the  data  are  corrected  for  background  ionization,  this  conduct: 
•  predict. 

THE  IMPORTANCE  OF  THE  IONOSPHERIC  CONDUCTIVITIES 

In  the  studies  of  the  dynamical  coupling  between  the  global  ionosphere 
atmosphere  it  is  mandatory  to  have  a  good  knowledge  of  the  ionospheric 
irrent,  q,  for  instance,  which  ss  a  major  actor  this  coujlinj  prooe.-c 
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Observations  of  magnetic  field  fluctuations  i-  the  auroral  zone  have  been  used,  since  the  pioneer  work 
of  Birkeland  (l),  to  study  equivalent  ionospheric  current  systems.  In  recent  years  this  tyjie  of  work  has 
been  expanded  to  also  extract  informations  of  the  ionospheric  electric  fields  from  groundbased  magnetic 
observations  (2-4).  This  is,  however,  according  to  Equation  ( )  not  possible  unless  simultaneous  measure¬ 
ments  or  appropriate  models  of  the  Hall-  and  Pedersen-conductances  are  available,  as  currents  parallel  to 
the  Earth's  magnetic  field,  ideally,  do  not  create  any  observable  effect  on  ground  (5)  the  neglect  of  E^' 
is  not  essential  to  the  approach  presented  above. 

In  the  interaction  processes  between  the  magnetosphere  and  the  ionosphere  or  the  lower  atmosphere 
and  the  ionosphere,  the  electrical  potential  distribution  plays  a  fundamental  role.  It  is  especially 
important  to  understand  how  electrical  potentials  varying  in  space  and  time  propagate  downward  from  the 
magnetosphere  or  upward  from  the  mesosphere  and  lower  atmosphere  to  the  ionosphere  to  interact  with  the 
currents  there.  Schematically  we  can  illustrate  this  interaction  with  the  flow  chart  in  Figure  1.  uM  is 
the  potential  created  by  the  magnetospher ic  dynamo  and  propagating  down  to  the  ionosphere,  !J j  is  the 
ionospheric  potential  created  by  the  ionospheric  dynamo  which  can  propagate  upward  towards  the  magneto¬ 
sphere,  and  IK  is  the  atmospheric  potential  which  may  be  created  in  the  weather  system  and  propagate  up  to 
the  ionosphere  and  even  further. 


The  problem  of  potential  mapping  between  the  three  regions  can  be  studied  by  simultaneously  solving 
the  equations: 

E  =  -  7V  CM 

7*>  =  0  <«, 


where  the  ionospheric  current  is  given  by  Equation  12).  As  it  turns  out.,  the  damping  of  the  pof-«-n 
space  ind  time  depends  upon  the  conductivities  (conductances)  [*>-■•)  •  Strongly  relitod  to  this  are 
propagation  characteristics  of  hyrtronaqnet ic;  waves  in  the  ionosphere  1  magnetic  pulsations'  which 
largely  determines!  i>y  the  ionospheric  conductivities. 

A  phenomenon  of  increasing  interest  m  the  polar  ionosphere  is 
ei  iict  rodynami era  1  processes  taking  place  in  and  around  such  arcs.  In 
simple  model  according  to  nostrum  (5)  ot  an  auroral  arc  (Figure  2.*  1 
role  the  ionospheric  conductances  play  i.t  this  problem. 


the  forming  of  auroral  arcs 
t h~  following  wo  will  adopt 
•*rd-r  to  j*- monr-tr  itf-  the  1  m 


We  assume  an  infinitely  long  arc  aligned  along  the  Y-axis  (Y  -  positive  westward).  the  width  in  «  h*» 
ri' >rt.h -south  direction  is  a  <x  -  positive  north'  and  the  heiuht  region  covered  by  the  ire  is  between  and 
z->.  The  Earth's  magnetic  field  is  .int  i  para  1  le  i  t.'->  the  vertical  axis  /  (northern  hen  s::n<u  e  I  .  Along  the 
ire  both  outside  and  within  there  is  an  electric  field  K°  directed  westward.  The  arc  is  represented  m  r.!i* 
ionosphere  with  a  region  of  high  conductance ,  I\  compared  to  the  condi  ictunce,  7.1- ,  outside  the  arc. 


•n  Figure  ‘  the  are  is  projected  into,  tly  x,y  plve  perpend  1  :-i  lar  to  B,  and  U  is  d  1  re- u  into  •) 

plane.  Insi'h-  the  ire  the  electric  field  p  will  drive  ^  Pouersen  cjrient  given  by: 


•/.a 


f»i  .1  :-‘t)  1 


•urre.ut  giver.  by: 


c  -  < 

arc  t.he  cor respond  1  n 


ar rent s  will  he 


The  Hall  current  inside  'he  ire,  however,  will  accumulate  positive  charges  •  *ti  one  side  md  negative  charger? 
on  the  other  side  of  the  arc.  These  charges  will  create  in  electrical  ixilur mat  ion  field  Kp  directed  along 
the  negative  x  axis,  which  will  prevent  the  charges  from  .icvumulat  mg  furtfier.  This  no  1  ur  1  zat  ion  field 
will  drive  a  Pedersen  current  inside  the  arc  giver,  by: 


I 


rA 


x ,  A  P 

Hall  current  given  by: 

-  rf-  " 


y,A 


H 


(lib) 


The  total  current  inside  the  arc  is  now  given  by: 
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cur  rent.?  rot side  the  arc  is  given  by: 


■ms  current  across  the  interface  between  the  arc  and  the  region  outside  the  arc 


<*S 


rA  f  JJ  (J.A 


iy  larger  than  Ip  in  an  auroral  arc  and  w*»  have  assumed  that  1^  >>  Ip  the  second  term  ir. 
positive  and  the  current  ilong  the  arc  will  be  enhanced  compared  to  the  Pedersen 

7A 


driven  by  E°.  If  we  neglect  ijj  compared  to  l£|  we  get 


•n’.ancenent  factor  inside  the  arc  will  be 


^\2 


,  A  '  y ,  A 


'.vc*  also  notice  that  neglecting  Zj:  compared  to  is  equivalent 

rA 
ji 
•  A 


•>::  factor  of  the  electric  field  as  well  as  the  current  enhancement  factor  can  be  expressed 
inside  the  arc.  The  polarization  of  an  auroral  arc  -an  therefore  according  to  this  model 
'■  *  measurements  of  the  conductances  within  and  outside  the  arc. 

where  knowledge  of  th**  conductivities;  are  of  crucial  importance  is  found  in  the 
or  frictional  heating  associated  with  ionospheric  currents. 


v  1  idefil  jo'll  e 


1  pat  ion  rite 


to  an  ionospheric:  current  given  by  Kg  nation  i  2 


I.*1 1  ib*  integrated  quantity 


121) 


^  ih  th"  a-AT  ige  electric  field  in  the  height  region  considered. 

Tn  this  ••jrit.ixt  it  is  therefore  felt  that  one  of  the  most  important  parameters  to  quantify  in  a  proper 
rn  inner  is  the  ionospheric  conductivity  as  it  plays  such  an  important  role  in  modern  studies  of  the  upper 
itreospher-  and  ionosphere,  especially  at  high  latitudes  but  also  elsewhere. 

Wo  find  it.  par  *  tcular  1  y  important  to  establish  a  measure  of  the  quiet  time  auroral  ionospheric  con¬ 
duct  ivp  ]«h  in  order  to  understand  the  full  global  effects  of  high  latitude  disturbances  in  the  upper 

•  itro.'ph»>r*f.  • 'n !  ■/  wh«*ri  these  quiet  time  quantities  are  established  and  known,  can  the  net  effect  of  the 

•  i  1  !-•»  nri.'od  auroral  ionosphere  currents  to  the  heating  rates  of  the  upper  atmosphere  be  calculated. 
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2.  THE  ANALYSIS  METHOD  USED 


2.1  The  ionospheric  conductivities 


In  1927,  Pedersen  (10)  first  pointed  out,  in  connection  with  radio  measurements  of  the  electron 
density  and  the  dynamo  theory,  that  the  geomagnetic  field  renders  the  ionospheric  electrical  conductivity 
anisotropic.  In  1953,  Chapman  (ll) ,  in  his  review  of  the  electrical  conductivity  of  the  ionosphere,  gave 
a  theoretical  outline  for  the  derivation  of  this  parameter. 

The  height  dependent  ionospheric  Hall-  and  Pedersen  conductivities  which  can  now  be  found  in  standard 
textbooks  on  ionospheric  physics,  can  be  written  as 


N  «e  r  u>  U>2,  ur_  n 

_  _  e  I  e  ll  i2  1 

°H=B  I  2  2  ~pil  2  2  *  Pi2  2  2  J 

Hi)  +V  CO..+V.,  0)  +V  J 


ft  *e  i 


ll  iln 


2  o>2,«2, 

i2  i2n 


Here  plasma  neutrality  and  two  different  single  charged  ion  species  are  assumed  with  the  relative  contri¬ 
butions  and  p._  respectively.  The  other  parameters  are  as  follows: 

N  -  height  dependent  electron  density 

-19 

e  -  electronic  charge  (1.6  x  10  C) 
ui  -  electron  gyro  frequency  (eB/nO 
Uh  -  ion  gyro  frequency  (eB/nu) 

V  n  -  electron  neutral  collision  frequency 
-  ion  neutral  collision  frequency. 

For  the  magnetic  field,  B,  the  1GRP  65  model  (12)  has  been  used.  The  two  ion  species  are  assumed  to 
have  ion  masses  =  30.5  and  mi2  =  16,  respectively.  For  the  lighter  ion  mass  this  corresponds  to  atomic 

oxygen  while  the  heavier  ion  mass  represents  a  mixture  of  75%  NO+  and  25%  C>2  +  . 

For  the  relative  abundance  of  the  light  ion  (0+)  and  the  heavy  ion  (NO  ,  O.,  mixture)  the  model  pre¬ 
sented  in  Figure  4  from  Lathuillere  (l3)  has  been  adopted.  This  model,  however,  is  static  and  independent 
of  time  of  day  or  season. 

The  height  integrated  values  that  will  be  presented  are  obtained  between  the  heights  90  and  330  km 
respectively. 

For  the  collision  frequencies  we  have  adopted  the  following  models: 


+  1.82  x  io'16  x  n(o2)  x  (i  +  3.6  x  io~2 


/t  )  x  /t 


iccording  to  Schunk  and  Nagy  (l 4 }  when  =  Tg. 

Viln  =  [4.23  x  n(N2>  +  4.18  x  n(02>  +  2.38  x  n{0)]  x  10~ 

Vi2n  =  f6-82  X  n(N2)  +  6,66  X  n(02) 

+  3.42  x  n(0)  x  /t“  x  (1.08  0.139  x  loq,„  T 

n  10  n 

+  4.51  x  10~3  x  (log  T  )2)]  x  10~16 


from  Schunk  and  Walker  (15)  when  T  =  (T  +T  ) / 2  =  T  .  The  neutral  densities  c ce  in  units  of  m  taken 
from  the  MSIS  model  (l6) . 

In  this  study  we  apply  the  raw  electron  density  profiles  obtained  by  the  E1SCAT  CPI  ( 1 7 )  program  for 
7  quiet  days  in  1985  to  1987.  The  CPI -program  yields  ionospheric  power  profiles  sampled  at  every  1 . 5  km 
with  a  pulse  length  of  60  Us.  ihe  profiles  are  derived  between  altitudes  90  and  330  km  at  an  elevation 
angle  76.5°  to  the  south,  i.e.  approximately  up  along  the  field  line  from  the  Tromso  EISCAT  site.  The  on¬ 
line  integration  time  is  10  sec,  however,  the  post  integration  time  used  in  the  data  presentation  is  5  mins. 

The  raw  densities  are  related  to  the  true  electron  densities  by  a  correction  factor  given  by  (ll,18): 


N~— —  “  f1  +  ip—  +  01  ) 

raw  \  1  / 
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accounting  for  unequal  ion  <TX)-  and  electron  (Te)  temperature  and  Debye  length  effects.  Since  the  part 
of  the  electron  density  profile  that  will  contribute  most  to  the  conductivities  will  be  situated  below  la 
km  it  is  not  believed  that  Te  and  will  differ  substantially  from  each  other  in  these  quiet  periods  tha 
are  our  main  concern.  Above  180  km,  however,  the  difference  between  Te  and  Tl  increases  gradually  with 
height,  and  therefore  the  raw  electron  density  used  in  this  work  will  be  on  underest  imate .  As  will  be 
shown  below,  the  contribution  from  the  electron  densities  at  these  altitudes  to  the  conductances  will  lie 
minor,  and  this  underestimation  therefore  represents  a  negligible  error  source,  20%  at  most. 


(19)  = 


The  Debye  length  correction  for  the  EISCAT  radar  (UHF)  used  in  this  work  is  given  approximately  by 


For  E- region  electron  densities  greater  than  a  r  '  inv"-  > m  ^  and  usual  quiet  time  E-regiou  temperature 

of  300  to  600  K, this  correction  is  less  than  10%.  Figure  5  is  a  flow  chart  showing  the  principles  for 
deriving  the  conductances. 

2.2  Presentation  of  electron  density-  and  conductivity  profiles 

In  order  to  illustrate  the  dynamics  of  the  auroral  ionosphere  conductivities,  we  present  m  Fiqure  b 

a  set  of  electron  density  profiles  toqether  with  Hall-  and  Pedersen  conductivity  profiles  derived  uccordi nq 

to  Equation  (22)  for  four  different  time  periods  on  Aug.  6-7,  1985. 

In  none  of  the  examples  shown  is  it  likely  that  the  contribution  to  the  Pedersen  conductance  from  the 

height  region  above  160  km  can  be  significant. 


PRESENTATION  OF  CONDUCTANCES 


In  Figure  7  we  show  the  Hall-  and  Pedersen  conductances  derived  as  functions  of  Un«  for  the  whole 
24  hour  EISCAT  experiment  on  Aug.  06-07,  1985  ( I.T  -  ’JT  +  1  hr).  The  curves  are  remarkably  regular  in  their 
shape  except  for  a  few  events  clearly  due  to  auroral  particle  precipitation.  They  reveal  a  smooth  djily 
variation  of  the  conductances  related  to  the  change  in  solar  zenith  angle.  The  scatter  in  the  measurements 
during  the  daytime  hours  0700-1800  UT  is  so  small  that,  except  for  a  few  erratic  points,  it  is  within  the 
thickness  of  the  line. 


In  the  bottom  panel  of  Figure  7  we  also  present  the  ratio  I^/Ip  which  tor  the  quiet  periods  or.  this 
day  is  close  to  1.3.  For  the  disturbed  periods,  however,  this  ratio  reaches  values  close  to  5.  .Since 
these  events  occur  at  a  time  when  the  background  conductances  caused  by  solar  radiation  arc  substantial, 
the  ratio  given  in  Figure  7  is  not  a  measure  of  the  auroral  particle  precipitation  alone. 

In  Figure  8  we  present  the  Hall-  and  Pedersen  conductances  as  functions  of  the  solar  zenith  angle 

foi  these  periods  in  Aug.  6-7,  1985,  where  auroral  particle  precipitation  is  not  present.  hath  conductances 

clearly  decrease  with  increasing  solar  zenith  angle. 

Also  included  in  Figure  9  are  the  least  squares  fit  to  each  set  of  conductances.  The  empirical 
formula  used  in  the  fit  tor  both  sets  is: 

I  =  a  cosx  +  b(cosx>l/2  ♦  c  » ) 

The  rationale  for  using  this  approach  wil 1  be  discussed  below,  evidently  however.  Equation  (27)  represents 
a  very  good  f*t  to  both  data  sets.  Table  I  gives  the  a,  b  and  c  factors  for  each  ol  the  curves  in  Figure  8. 

In  Figure  9  we  present  Hall  and  Pedersen  conductances  derived  for  a  2A  hour  experiment  on  June  Jb-17, 

1987.  This  data  set  is  more  disturbed  than  the  previous  example.  This  is  in  particular  clear  from  the 

strong  conductance  enhancement  occurring  between  1900  UT  on  June  16  and  0200  UT  on  June  17.  Note  that  the 
scale  to  the  left  in  the  upper  panel  is  increased  by  a  factor  of  2  compared  to  that  in  Figure  7.  The  con¬ 
ductance*:  observed  in  the  relatively  quiet  period  between  1200  and  1800  are  also  more  variable  than  for  the 
other  day,  indicating  that,  some  particle  precipitation  may  be  present  even  at  this  time. 

The  quiet  time  conductance  ratio  E^/Ip  shown  in  the  middle  panel  of  Fiqure  9  is  about  1.3  for  this 
day.  During  the  disturbed  event  at  midnight,  however,  this  ratio  reaches  peak  values  of  2.80.  Again  is 
this  not  a  true  measure  of  the  effect  of  the  auroral  precipitat ion  because  the  ionization  background  due 
to  solar  radiation  is  substantial  during  part  ol  this  event.  In  the  lower  panel  of  Figure  9  we  show  fKis 
ratio  when  corrected  for  background  ionization.  These  results,  however,  will  be  especially  dealt  with 
below . 


Figure  10  shows  the  Hall-  and  Pedersen  conductances  for  those  periods  where  particle  preci pitat jon 
is  not  strongly  present,  as  function  of  the  solar  zenith  angle.  The  date  is  the  same  as  for  the  data  shown 
in  Fiqure  9.  Again  the  solar  zenith  angle  relationships  is  evident.  The  scatter  of  the  points  is  somewhat 
larger  than  for  the  previous  day  shown,  probably  because  some  data  points  do  include  auroral  particle 
precipitation.  The  empirical  functions  obtained  by  a  least  squares  fit  to  Equition  (27),  however,  are  very 
similar  to  those  found  for  the  other  days  as  shown  in  Table  I. 

4.  DISCUSSIONS 

4.1  The  solar  zenith  angle  dependence 

Since  the  quiet  daytime  values  of  the  conductances  in  Fiqure  7  and  9  are  so  well  behaved  over  periods 
as  long  as  10  hours,  we  have  used  the  quiet  time  sequences,  when  no  particle  precipitation  is  present,  to 
derive  the  empirical  solar  zenith  angle  dependence  on  the  conductances.  In  Fiqure  8  and  10  these  functions 
are  shown  for  the  Hall-  and  Pedersen  conductances  for  the  2  EISCAT  experiments  discussed  here,  and  in 


Table  I  are  listed  the  coefficients  a,  b  and  c  as  derived  from  7  different  data  sets. 


Adopting  the  continuity  equation  for  the  ionospheric  electrons  we  have 
dN 

=  q  ,  -  L  -  divlN  *v)  (28 

dt  solar  e  e  - 

Here  <Isoiar  is  the  electron  production  due  to  the  solar  EUV  radiation  and  Lg  is  the  electron  loss  term. 

Assuming  a  steady  state,  justifiable  for  the  quiet  time  analysis  we  are  performing  here,  the  loss 
rate  will  be  equal  to  the  production  rate  at  all  times,  and 


L 

e 


q 

solar 


(  29) 


The  production  maximum  at  a  given  solar  zenith  angle  due  to  solar  radiation  for  an  atmosphere  with  constant 
scale  height,  can  be  expressed  as 


q  .  =  q  cosY  ( 30 ) 

solar  *o 

where  X  is  the  solar  zenith  angle  and  qQ  is  the  production  for  overhead  sun.  In  the  lower  E-regxon  we  can 
expect  that  dissociative  recombination  is  the  dominant  loss  mechanism  such  that 

L  =  Cl  N  2  !  31  ) 

e  e 

and  the  electron  density  or  E-region  ionization  maximum  is  given  by: 

Ne  *  <cosx)1/2  1 321 

In  the  upper  E-region  and  the  lower  F-region  where  0+  is  rapidly  converted  to  molecular  ions  (02*  and  NO+) 
the  loss  can  be  expressed  as 

Le  *  6  N  (33) 

or  the  electron  density  at  F-region  ionization  maximum  is  given  by: 

Ne  «  cosx  ( 34 ) 


In  the  integration  process  we  are  actually  adding  electron  densities  which  partly  follow  the  a  and 
partly  the  B  decay  mechanisms.  Although  Equations  (32)  and  (34)  apply  for  the  E-region  and  F-region  maxima 
only  it  is  reasonable  to  assume  that  the  height  integrated  quantities  will  to  a  first  approximation  be  a 
function  of  both  these  two  terms. 

We  therefore  try  to  make  a  least  suqares  fit  of  the  data  presented  in  Figure  7  and  9  to  the  function 
combining  Equations  (32)  and  (34)  as  given  by  Equation  (27). 

It  is  evident  from  Table  I  that  for  all  cases  we  have  studied  so  far  the  factor  c  is  very  close  to 
zero  and  can  be  neglected.  In  the  bottom  line  of  Table  i  we  also  derive  the  mean  values  and  the  standard 
deviations  on  these  mean  values  for  each  of  the  sets  of  constants  a  and  b,  based  on  the  7  days  of  data. 

4.2  Comparison  with  other  results 

We  will  now  use  the  empirical  formula  for  Zp  derived  in  this  work 

1/2 

£p  =  (3.05  i  0.85)cosx  +  (4.06  i  0.78)(cosx>  (35) 

to  compare  our  results  with  similar  results  derived  from  empirical  formulas  (see  Table  II)  obtained  by 
other  authors  (l9-25j .  The  results  of  this  comparison  are  shown  in  Figure  11  where  £p  is  plotted  versus 
the  solar  zenith  angle  for  each  of  the  models.  Also  indicated  are  the  corresponding  standard  deviations 
on  each  point  of  our  measurements . 

For  the  experimental  work  {19)  on  EISCAT  we  notice  that  we  have  good  correspondence  for  solar  zenith 
angles  lower  than  40  degrees.  As  very  few  measurements  exist  for  such  low  angles  at  EISCAT  our  formulas 
are  essentially  empirical  extrapolations  at  these  angles.  In  the  region  where  we  have  observations  at 
EISCAT  (x  >  40°)  our  two  results  disagree.  This  is  probably  due  to  the  fact  that  Schlegel  (19)  has  made 
no  attempt  to  establish  the  quiet  time  solar  zenith  angle  dependence  of  the  conductances  but  rather  esti¬ 
mated  an  empirical  function  through  the  mean  of  the  data  set  covering  disturbed  as  well  as  quiet  days. 
Therefore  the  conductances  derived  by  Schlegel  (19)  will  be  higher  than  our  quiet  time  values  because  his 
data  will  be  contaminated  by  auroral  particle  precipitation. 

The  experimental  Chatanika  work  by  Robinson  and  Vondrak  (23)  is  based  on  1 3  days  of  observations  at 
varying  solar  flux  between  70  and  221  with  an  average  value  of  136  (x  10"22  w/m2  Hz).  The  data  were 
obtained  between  1972  and  1981.  Their  results  are  in  fairly  good  agreement  with  ours.  In  the  empirical 
formula  of  Robinson  and  Vondrak  (23)  (see  Table  II)  we  have  used  Sa  =  81  (x  10'^2  w/m2  Hz)  which  is  the 
mean  value  in  our  data  set.  Robinson  and  Vondrak  (23),  however,  do  point  out  that  their  empirical  fit  to 
the  conductivity  versus  solar  zenith  angle  relationship  is  systematically  offset  to  lower  values  of  the 
solar  flux  below  140. 
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The  results  obtained  by  Vickrey  et  al.  (2l)  based  on  one  day  of  data  are  too  low  compared  to  our 
observations.  The  reason  for  this  is  not  clear.  The  empirical  formula  derived  by  Mehta  (20),  also  made 
of  one  day  of  data  only,  agree  rather  well  with  our  formula  for  Ip  versus  x .  This,  however,  is  rather 
fortuitous  as  Mehta  (20j  used  model  collision  frequencies  that  were  a  factor  of  2  higher  than  the  one  used 
by  Vickrey  et  al.  (2l)  and  in  the  present  work.  With  a  more  proper  choice  of  collision  frequency  model, 
however,  Mehta's  result  would  be  in  better  agreement  with  (2l). 

de  la  Beaujardiere  et  al.  (22)  also  used  collision  frequencies  that  were  too  high  by  a  factor  of  2 
and  they  obtained  values  for  Ip  that  are  almost  twice  as  high  as  the  values  presented  in  this  work. 

Another  reason  for  this  high  value  is  probably  the  strong  solar  flux  ( Sa  =  156)  present  for  the  day  ana¬ 
lysed  by  de  la  Beaujardiere  et  al.  (22)  compared  to  the  average  solar  flux  of  81  for  our  data. 

Rasmussen  et  ai.  (24)  obtained  the  following  empirical  formula  for  the  Pedersen  conductance  based  on 
13  days  of  observations  by  the  Chatanika  radar: 

£p  =  x  (1  -  0.85*v2)  .(It  0.15*u  t  0.05*u2)  (36) 

where  B  is  a  factor  depending  on  the  magnetic  field  strength,  v  =  X/90°  where  x  is  the  solar  zenith  angle 

and  u  3  Sa/90  where  Sa  is  the  10.7  cm  Ottawa  2800  MHz  solar  flux  index.  In  Figure  1 L  we  have  drawn  the 

function  given  by  Equation  (23)  for  B  *  0.53  corresponding  to  the  Tromso  value  of  the  magnetic  B  field 
(~  53000  nT)  and  Sa  =  81  which  is  equivalent  to  the  mean  value  of  this  parameter  for  the  days  listed  in 
Table  II.  For  all  solar  zenith  angles  our  Pedersen  conductance  values  are  lower  than  those  derived  by 
Rasmussen  et  al.  (24).  Although  their  formula  is  derived  for  Sg  between  70  and  250  with  a  mean  value  of 
144,  only  3  days  in  their  data  set  of  13  days  exhibit  Sa  values  below  100.  F  ,r  our  data  set  of  7  days  no 

day  has  an  Sa  value  above  100  and  the  average  value  is  81.  It  is  then  possible  that  the  formula  obtained 

by  Rasmussen  et  al.  (24)  is  biased  toward  high  Sg  values  and  overestimates  the  Pedersen  conductances  for 
low  Sa-values. 

In  order  to  study  the  relative  importance  of  the  two  terms  a  cosx  and  b(cosX>*^  in  Equation  (27) 
for  the  data  sets  presented  in  Table  I,  the  relative  magnitude  a/(a+b)  in  per  cent  is  also  shown  for  each 
of  the  conductances  in  Table  I. 

As  pointed  out  above,  the  electron  density  below  140  km  will  contribute  most  strongly  to  the  Hail 
conductance.  In  this  height  regime  the  dissociative  recombination  process  is  believed  to  be  most  important, 
and  the  quadratic  loss  term  (Equation  (31))  is  expected  to  be  most  dominant.  rt  is  therefore  surprising 
t.o  find  that  for  6  of  the  7  cases  studied  so  far  it  is  the  linear  loss  term  that  is  most  dominant  to  the 
Hall  conductance  according  to  our  empirical  fits  to  Equation  (27).  Only  for  one  day  (March  24,  1967)  is 
the  contribution  from  the  linear  loss  term  less  than  50%  (35%),  while  it  is  larger  than  70%  for  4  days. 

Also  shown  in  Table  I  are  the  similar  ratios  (ap/lap+bp))  for  the  Pedersen  conductance,  and  it  is 
found  that  in  the  present  data  set  studied,  this  ratio  is  on  the  average  42%,  for  3  days  it  is  above  50%, 
and  for  2  days  it  is  below  40%.  For  the  Pedersen  conductance  therefore  it  appears  that  the  quadratic  and 
linear  loss  terms  contribute  with  approximately  the  same  amount.  As  the  Pedersen  conductance  gets  about 
equal  contribution  from  the  altitude  region  above  and  below  120  km  according  to  the  results  presented  here, 
it  is  expected  that  the  two  terms  will  contribute  more  equally  to  Equation  (27)  for  the  Pedersen-  than  for 
the  Hall  conductance. 

4.3  The  conductivity  ratio 

Since  the  work  by  Brekke  et  al.  (26)  the  conductance  ratio  has  been  used  extensively  as  an  indicator 
of  the  energetic  particle  precipi tat  ion  (19  21,  24,  il  and  28).  Several  authors  (20,  24  and  28)  have  also 
derived  models  for  how  this  ratio  will  change  with  the  character istrc  energy  of  the  precipitating  partic.'es. 
When  the  conductance  ratio  derived  from  ubs.'-r-  ■  electron  density  profiles  is  used  as  an  indicator  of  the 
energy  of  the  precipitating  particles,  it  is  important,  however,  to  first  correct  for  the  contributions  to 
the  individual  conductances  from  solar  radiation.  It  is  well  known  that  when  a  precipitation  event  occurs 
in  the  morning  hours,  the  energy  of  the  particles  is  usually  higher  than  for  a  precipitat mg  event  in  the 
evening  sector.  If,  however,  the  conductances  are  large  in  the  morning  hours  because  of  solar  EUV  radiation, 
a  precipitation  event  will  only  contribute  relatively  weakly  to  an  already  enhanced  ratio.  To  get  a  better 
indicator  of  the  influence  of  particle  precipitation,  the  background  conductivity  must  therefore  be  sub¬ 
tracted. 


The  ratio  relevant  for  the  precipi tat ing  events  is  then 


where  the  and  Ip°  are  the  background  conductances  which  must  be  subtracted. 

With  this  approach,  however,  we  introduce  a  new  problem  during  quiet  tines  as  AIH and  Alp wi 1 1  be  close 
to  zero.  If  the  background  model  conductances  we  subtract  are  good  estimates,  the  net  result  in  Equation 
(37)  will  be  poorly  defined. 


This  problem  is  illustrated  in  the  bottom  panel  of  Figure  9  where  the  conductance  ratio  (Al^/Alp)  for 
June  10-17,  1987  is  calculated  by  subtracting  the  empirical  functions  derived  from  the  original  data  set 
for  this  day  according  to  Table  I.  Before  1900  UT  there  are  several  points  that  are  scattered.  Some  of 
these  points  may  be  real  because  of  possible  presence  of  auroral  particle  precipitation  before  1800  UT  as 
already  mentioned,  but  most  of  them  are  simply  due  to  the  problem  of  dividing  very  small  terms  with  each 
other  after  forming  AIH  and  AIp.  When  AIH  or  Alp  is  negative  the  ratio  £{l/£p  is  used  in  the  bottom  panel 
of  Figure  9.  For  the  precipitation  event  taking  place  between  1900  UT  on  June  16,  1987  and  0300  UT  on 
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June  17,  1987  the  importance  of  subtracting  the  background  is  clear.  When  comparing  the  ratio  A£H/A£P 
which  reaches  a  maximum  value  of  -  7.5  at  0300  UT  in  the  lower  panel  of  Figure  9  with  the  ratio  £H/£p 
reaching  a  maximum  value  *•  3  in  the  middle  panel  of  Figure  9,  it  is  clear  that  the  conductance  ratio 
without  correction  for  background  ground  ionization  is  meaningless  as  far  as  the  energy  of  the  precipi¬ 
tating  particles  is  concerned.  At  the  first  maximum  observed  at  2025  UT  £H/Zp  is  equal  to  -  2.2  while 
A£H/A£p  is  equal  to  -  2.5,  thus  indicating  that  the  background  ionization  at  this  time  of  day  is  almost 
negligible  in  this  respect. 

The  morning  event  between  0000  UT  and  0300  UT  is  certainiy  characterized  by  particles  of  increasing 
energy  as  the  ratio  A£H/A£p  increased  from  1.5  to  7.5.  Contrary  to  the  work  by  Vickrey  et  al.  (l9)  and 
Rasmussen  et  al.  (24)  who  only  obtain  maximum  values  of  £^/£p  of  about  4  when  the  conductances  are  pro¬ 
duced  by  auroral  particles  only,  we  find  ratios  as  high  as  7. 

5.  CONCLUSION 

We  have,  based  on  7  relatively  quiet  summer  day-,  presented  a  study  of  ionosphere  Hall-  and  Pedersen 
conductivities  and  conductances,  and  found  that  the  quiet  time  conductances  (height  integrated  quantities) 
are  well  behaved  functions  of  the  solar  zenith  angle  as  long  as  no  auroral  particle  precipitation  is 
present . 

We  have  used  the  so-called  raw  electron  density  profiles  obtained  by  the  EISCAT-CP1  experiment.  The 
raw  electron  densities  are  proportional  to  the  returned  power,  but  no  corrections  are  made  for  differences 
in  the  ion-  and  electron  temperatures,  the  Debye  correction  has  also  been  omitted  in  this  work.  As  the 
ion-  and  electron  temperature  differs  only  substantially  on  quiet  days  abo>'e  say  180-200  km  it  is  not 
expected  that  neglecting  this  temperature  difference  will  have  a  significant  influence  on  our  results.  We 
have  demonstrated  on  the  contrary  that  the  electron  densities  above  180  km  only  contributes  30%  at  most  to 
the  total  Pedersen  conductance  and  nothing  at  all  to  the  Hall  conductance.  Neither  do  we  believe  that 
neglecting  the  Debye  length  correction  is  of  significant  importance  since  this  is  normally  effective  below 
90  km  and  our  integration  window  is  taken  from  90  km  and  up. 

Our  results  have  been  compared  with  similar  empirical  formulas  presented  by  other  authors.  Discrepan¬ 
cies  found  between  the  different  formulas  are  most  probably  related  to  differing  choice  of  collision  fre¬ 
quency  model.  Other  reasons  for  some  of  the  discrepancies  are  varyinq  solar  flux  and  improper  choice  of 
quiet  day.  In  the  auroral  zone,  where  auroral  particle  precipitation  often  is  present,  extra  care  must  be 
taken  in  order  to  discriminate  periods  with  precipitation. 

We  stress  the  need  to  subtract  the  background  ionization  due  to  solar  radiation,  when  using  values 
for  the  conductance  ratio  to  infer  the  hardness  of  the  precipitating  auroral  particles.  it  is  shown  that 
after  a  proper  correction  for  this  background  ionization,  the  characteristic  ratio  <A£H/A£p)  for  auroral 
precipitation  events  is  enhanced  by  a  factor  of  two  up  to  values  of  7  or  more.  These  are  much  higher  than 
those  presented  in  earlier  theories. 

The  empirical  formulas  obtained  for  the  conductances  do  include  two  terms  which  are  related  to  a 
linear  electron  loss  rate  (cosX)  and  a  quadratic  electron  loss  rate  <t/cosX) .  Surprisingly  enough,  the 
linear  loss  rate  is  found  on  the  average  to  contribute  relatively  more  to  the  Hall  conductance  (78%)  than 
to  the  Pedersen  conductance  (42%).  We  are  at  the  moment  not  able  to  give  any  explanation  for  this  finding. 
As  the  electron  density  in  the  lower  E-region,  where  the  dissociative  recombination  is  the  main  electron 
loss  mechanism,  contributes  most  to  the  Hall  conductance  we  would  expect  the  quadratic  electron  loss  term 
to  be  the  dominant  one. 
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TABLE  II.  Empirical  formulas  derived  for  £H  and  £p  by  different  authors  on  the  basis  of  incoherent  scat 
data  since  1972.  Also  indicated  in  the  last  column  are  the  average  solar  flux  values  for  the 
days  of  observation. 
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1  The  daily  10.7-cm  solar  radio  flux  at  Ottawa  in  units  of  10  W/m  Hz  (adjusted  to  1  AU) . 
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2  B  is  the  magnetic  field  strength  given  in  units  of  Wb/m  . 
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Fig  ire  1  Flow  diagram  showing  the 

principles  of  mapping  elec¬ 
tric  potentials  between  the 
magnetosphere ,  ionosphere 
and  atmosphere,  and  also 
illustrating  the  importance 
of  the  ionospheric  conduc¬ 
tivities  in  this  coupling 
process. 


Figure  2  Simple  model  of  an  auroral  arc  repre¬ 
sented  by  an  infinite  strip  of  enhanced 
conduct ivities  between  the  heights  Zj 
and  22 *  The  width  of  the  strip  is  a. 
The  Earth's  magnetic  field,  B,  is 
perpendicular  to  the  arc  while  an  homo¬ 
geneous  electric  field,  E0,  is  pointing 
along  the  arc,  both  outside  and  within 
the  arc. 
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Figure 


The  principles  for  polarization  in  and  near  an 
auroral  arc.  See  the  text  for  explanation. 


Figure  4  The  relative  abundance  of  atomic  oxygen  ions  as  function  of  altitude  used  in  this 
paper.  (Courtesy  to  Lathuillere  (l3).) 


Figure  5  A  flow  diagram  showing  the  principles  for  deriving  the  ionospheric  conductivities 
and  conductances . 
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Figure  7 


Figure  8 
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t/pper  peneir  Hall-  and  Pedersen  conductances  as  function  of  time  tor  an  EISCAT 
experiment  conducted  in  Aug.  06-07,  1985. 

Lower  panel:  The  corresponding  conductance  ratio  (E,j/£p>  as  function  of  time. 
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Hall-  and  Pedersen  conductances  when  periods  of  auroral  particle  prec 1  pi  tat  ion  is 
excluded  as  function  of  solar  zenith  angle  in  degree  for  the  experiment  conducted 
on  Aug.  06-07,  1985. 
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Figure  9 
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Upper  panelt  Same  as  Figure  7  except  for  the  experiment  conducted  on  June  16-17,  1987. 
Note  that  resolution  on  the  vertical  scale  is  twice  the  resolution  on  Figure  7. 

Middle  panel:  Hall-  and  Pedersen  conductance  ratios  (IH/£p)  as  function  of  time  for 
the  experiment  conducted  on  June  16-17,  1987. 

Lower  panel:  Corrected  Hail-  and  Pedersen  conductance  ratios  (A£H/4£p)  for  the  experi¬ 
ment  conducted  on  June  16-17,  1987.  The  background  ionization  due  to  solar  radiation 
is  subtracted.  When  either  A£H  or  A£p  is  negative  the  £H/£p  values  are  used. 


Figure  10  Same  as  Figure  8  except  for  the  experiment  conducted  on  June  16-17,  1987. 


24-16 


24-17 


DISCUSSION 

H.Rishbeth 

The  author’s  formula  £  =  a  cos\  +  be  os1/2*  +  c  may  serve  as  an  empirical  formula,  but  I  do  not  believe  that  it  is  a 
physical  one.  The  /Mayer  contribution  to  the  Pedersen  conductivity  would  largely  come  from  the  /U -layer,  for  which 
the  “cos  \  dependence”  resembles  that  of  the  /Mayer.  Your  results  appeared  to  show  a  significant  /Mayer  contribution 
to  the  Hall  conductivity,  which  is  difficult  to  understand. 

Author’s  Reply 

We  agree  that  the  given  formula  is  an  empirical  one,  although  it  is  based  on  physical  arguments.  The  fit  to  this  formula 
by  our  data  gives  surprising  results  in  the  sense  that  a  >  b  for  YIh-  As  our  analyses  show  that  the  contribution  to 
is  negligible  above  150  km,  the  results  to  the  empirical  fit  is  a  contradiction  as  Rishbeth  suggests.  We  are  grateful  for 
this  comment  and  are  looking  into  this  problem. 

P.Vila 

Why  does  the  ratio  increase  so  much  with  precipitation? 

Author’s  Reply 

We  are  dealing  with  high-energy  electrons,  which  populate  only  the  100-105  km  levels. 
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USING  EISCAT  CP3-DATA 

by 
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Max-Planck-lnstitut  fur  Aeronomie, 
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ABSTRACT 

The  CP3-mode  of  EISCAT  is  particularly  appropriate  for  three-dimensional  studies  of  the  interaction  between  ionosphere  and 
thermosphere,  because  of  its  good  latitude,  height  and  time  coverage.  Using  mainly  CP3-data  of  EISCAT  as  input,  we  calculated 
parameters  of  the  neutral  gas  in  the  middle  thermosphere  in  the  latitudes  of  EISCAT,  by  solving  the  coupled  transport  equations  for 
the  neutral  and  ion  gases  for  the  heights  between  150  and  500  km  and  latitudes  between  66®  and  72®.  By  numerically  solving  the 
energy  equation  of  the  ions  and  the  momentum  equation  of  the  neutral  gas  we  obtained  the  temperature  and  the  horizontal  velocity 
of  the  neutral  gas.  This,  used  in  combination  with  the  energy  equation  of  the  neutral  gas.  allowed  us  to  estimate  the  vertical  neutral 
gas  velocity. 

Our  calculated  neutral  gas  temperatures  sometimes  deviate  from  those  obtained  by  empirical  models,  which  rather  represent  average 
conditions,  and  cannot  be  expected  to  described  individual  periods  in  the  strong  varying  auroral  thermosphere. 

Our  calculated  neutral  gas  velocities  show  clearly  the  effect  of  the  convection  pattern  of  the  ion  gas,  and  little  vertical  variation.  Our 
estimated  vertical  neutral  gas  velocities  look  fairly  reasonable,  although  they  are  subject  to  several  sources  of  error. 

INTRODUCTION 

In  middle  latitudes  the  main  energy  input  into  the  ionosphere  is  due  to  solar  UV-radiation,  which  leads  to  ionisation  of  the  medium 
and  thereby  to  hot  photoelectrons.  Their  energy  randomizes  and  i6  transferred  to  the  ions  and  from  them  to  the  neutral  gas.  In  a  state 
of  equilibrium  the  ion  temperature  is,  therefore,  somewhat  higher  than  the  neutral  gas  temperature  (a  few  to  some  hundred  Kelvin 
depending  on  altitude)  while  the  electrons  usually  have  quite  large  temperatures  (hundreds  or  a  thousand  Kelvin  higher  than  the  ions). 
It  is,  then,  possible  to  determine  the  neutral  gas  temperature  when  ion  and  electron  temperatures  are  known  from  measurements,  e.g. 
from  incoherent  scatter  observations  (Carru  (lj).  In  the  polar  ionosphere  we  have  as  additional  heat  sources  penetrating  energetic 
particles  and  especially  strong  electric  fields  that  produce  plasma  drifts  which  finally  dissipate  into  heat.  It  is  particularly  this  latter 
effect  which  will  be  discussed  in  this  paper. 


RESULTS 

Fig.  i  (left  part)  shows  ion  temperatures  T,  measured  by  EISCAT  foi  the  period  8  L.T.,  20/09/84  to  8  L.T.,  21/09/84.,  the  right 
part  of  the  figure  shows  ion  velocities  v,  for  the  same  period.  The  measurements  are  done  at  an  altitude  of  325  km  as  a  function  of 
latitude  and  time.  One  realizes  a  strong  relation  between  high  ion  velocity  and  high  ion  temperature,  which  is  a  consequence  of  the 
frictional  heating  between  ions  and  neutral  gas  (Joule-heat). 

The  horizontal  neutral  gas  wind  may  be  estimated  from  the  equation 

x  t>„),  +  =  -l/p(Ap„)fc  -  </„,  (>v  -  u.k  (1) 

where  the  index  h  denotes  the  horizontal  component.  The  second  term  on  the  left  hand  side  is  the  Coriolis-force  and  the  third  term 
the  kinematic  viscosity.  The  driving  force  of  the  wind  is  on  the  right  hand  side:  the  horizontal  pressure  gradient,  which  was  taken 
from  the  MSIS  86  model,  and  the  ion  drag  force  which  is  related  to  the  measured  ion  velocity.  The  solution  of  this  equation  for  the 
observational  period  of  Fig.  1  is  shown  in  Fig.  2.  It  is  clearly  seen  that  on  the  evening  side  the  neutral  wind  follows  the  strong  drag 
force  exerted  by  the  high  ion  velocities.  On  the  morning  side  the  neutral  wind  is  mainly  a  result  of  thermospheric  pressure  gradients, 
ft  is  also  possible  to  calculate  the  neutral  temperature  using  the  above  results.  The  first  method  is  to  solve  the  energy  balance  equation 
of  the  ions,  which  is  approximately 


T,=:Tn+ W(v‘"Vn)2  {2) 

(e.g.  Banks,  [2]).  As  T*  and  Vi  are  measured  by  EISCAT  and  vn  is  estimated  as  pointed  out  above,  this  equation  can  be  solved  for  T*. 
The  results  are  shown  as  a  function  of  time  and  latitude  for  295  km  altitude.  It  is  clear  from  Fig.  3  that  there  is  a  strong  temperature 
effect  in  the  evening  which  is  not  related  to  solar  UV-radiation,  but  is  a  consequence  of  Joule  heat. 

There  is  another  way  of  calculating  T„,  and  that  is  by  solving  the  energy  balance  equation  of  the  neutral  gas.  This  equation  is  very 
complicated  and  shall  not  be  written  down  here  explicitely.  It  contains  besides  the  Joule  heat  term  and  the  collisional  energy  transfer 
from  hotter  to  colder  particles,  which  are  the  same  terms  as  in  eq.  (2),  also  heat  input  from  UV-radiation  or  particles,  thermal 
conduction,  convection,  radiative  cooling  etc.  An  attempt  was  made  to  solve  this  equation  taking  into  account  UV-input  using  a  model 
of  Banks  and  Kockarts  [3],  infrared  cooling  according  to  the  same  authors,  thermal  conduction,  dissipation  by  viscosity,  Joule  heat 
and  neglecting  all  other  terms.  The  results  are  shown  in  Fig.  4.  It  turns  out  that  there  are  serious  discrepancies  between  both  ways 
of  calculation,  the  most  obvious  one  is  that  temperatures  calculated  from  the  neutral  energy  equation  are  generally  lower.  The  reason 
is  probably  that  in  the  neutral  gas  energy  balance  equation  some  terms  are  neglected  and  others  axe  not  accurate  enough. 
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An  important  contribution  to  neutral  temperature  variations  can.  for  instance,  come  from  vertical  motions  of  the  neutral  air  due  to 
adiabatic  cooling  or  heating.  It  was  tried  to  attribute  the  difference  between  both  the  above  solutions  entirely  to  this  effect.  The 
necessary  vertical  motions,  however,  do  not  look  very  convincing;  they  are  sometimes  rather  large  (tens  of  m/s)  and  have  an  average 
downward  velocity.  A  comparison  of  calculated  Tn  and  temperatures  from  atmospheric  models  as  they  are  shown  in  Fig.  5  demonstrate 
that  Tn  derived  from  the  energy  equation  of  the  ions  are  not  in  good  agreement.  Deviations  may  be  caused  by  local  or  temporal  effects, 
that,  of  course,  cannot  be  accounted  for  by  global  inode!' 

The  collisional  model  used  so  far  in  this  paper  includes  polarization  and  resonant  interaction  between  ions  and  neutrals  ( Banks,  (4j)  and 
was  corrected  to  take  into  account  the  effects  of  the  velocity  distribution  using  the  hard -sphere- model  (Schunk,  [5]).  In  order  to  give  a 
better  approximation  a  more  sophisticated  model  (Figueroa  and  Hernandez,  [6] )  was  used  instead  of  the  hard-sphere- model.  The  dif¬ 
ferences  in  the  derived  neutral  gas  velocities  and  temperatures  are  significant  ( 15  %,  respectively  5  %),  both  parameters  becoming  larger. 
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Figure  2.  Calculated  neutral  wind  derived 
from  the  ion  velocity  measurements. 


Figure  3.  Neutral  gas  temperature  obtained 
from  the  ion  energy  balance  equation  (3). 
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Figure  4.  Neutral  gas  temperature  obtained 
from  the  neutral  gas  energy  balance  equa¬ 
tion. 


Figure  5.  Atmospheric  model  temperatures 
(MSIS)  for  the  same  time. 


DISCUSSION 


K.  Rawer 

After  your  tests,  what  would  be  your  estimate  of  the  uncertainty  of  the  neutral  temperature  and  velocity  data  routinely 
published  by  a  few  incoherent  scatter  stations? 

Author's  Reply 

I  do  not  know  these  data,  probably  for  middle  latitudes.  I  made  my  calculations  for  high  latitudes.  It  is  difficult  to 
evaluate  the  errors  of  my  results,  because  these  depend  on  several  models. 


D.Rees 

The  derivation  of  neutral  wind  and  temperature  from  radar  observations  has  been  an  attractive  possibility  for  many 
years.  However,  of  three  possible  parameters,  only  meridional  winds  have  yet  been  demonstrated  to  be  always  consistent 
with  real  thermospheric  neutral  motions,  as  seen  by  satellite  sensors  or  Fabry-Perot  interferometers.  To  proceed  further 
than  meridional  winds,  great  care  or  infinite  luck  is  required! 

Firstly,  the  radar  does  not  measure  vertical  neutral  wind,  which  is  thus  a  significant  error  source  in  deriving  meridional 
wind  from  parallel  ion  drift.  Secondly,  correction  for  at  least  a  bi- Maxwellian  ion  velocity  distribution  is  essential. 
Thirdly,  the  real  atmosphere  will  depart  from  any  model  atmosphere  (AT;  A p\  AAf  (mean  mol.  mass}).  Since  these 
are  compounding,  non  correlated  errors  in  the  radar  analysis,  the  neutral  meridional  wind  may  well  be  in  error  by  200 
m  s~l  or  ±50%  (take  the  larger!) 

To  analyze  temperature  (Ty)  and  then  zonal  winds,  the  above  error  on  meridional  wind,  and  model  errors,  compound. 
Under  some  ideal  conditions,  the  zonal  wind,  and  Ty ,  may  be  valid.  However,  most  of  the  time,  the  compounded 
effects  of  errors,  and  lack  of  knowledge  of  global  changes  of  the  thermosphere,  will  create  major  errors,  but  without 
providing  a  reliable  “flag”  that  an  error  is  present. 

1  would  thus  stress  very  great  caution  when  interpreting  the  present  results,  and  recommend  intercomparison  with 
direct  wind  measurements  by  Fabry-Perot  interferometers,  etc. 

Author’s  Reply 

No  response  to  comment. 
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Abstract 

According  to  simple  theory,  a  quadratic  relationship  should  exist  between  ion  temperature  and  ion  velocity  during  frictional  heating  of  the 
high-latitude  ionosphere.  A  method  of  fitting  the  form  of  this  relationship  for  a  selection  of  EISCAT  Common  Programme  data  is 
demonstrated,  and  the  observed  behaviour  is  consistent  with  theoretical  predictions.  Eon.  die  equation  obtained,  estimates  are  made  of 
the  neutral  mass  and  one  component  of  the  neutral  wind.  These  appear  to  be  physically  realistic.  The  validity  and  sensitivity  of  the 
technique  is  briefly  discussed,  and  an  attempt  is  made  to  account  for  possible  errors  due  to  changes  in  the  ion  composition  and  the 
presence  of  anisotropic  plasma  velocity  distributions. 


Introduction 

It  is  well  established  that,  in  high-latitude  regions,  frictional  or  ’Joule’  heating  makes  a  major  contribution  to  the  atmospheric  energy 
balance.  Such  heating  arises  when  magnetospheric  electric  fields  drive  the  ion  population  through  the  neutral  atmosphere  at  high  velocity. 
Collisions  between  the  ions  and  neutrals  convert  the  energy  from  directed  motion  into  heat.  Banks,  [1],  and  Banks  and  Kockarts,  [2] 
have  obtained  the  full  form  of  the  ion  energy  equation  which  includes  a  treatment  of  the  effects  of  conduction,  convection  and  energy 
exchange  between  particles.  Various  workers  ( e.g.  Schunk  and  Sojka,  13],  Conrad  and  Schunk,  [4],  and  St.  Maurice  and  Hanson, 
[51 )  have  demonstrated  that  the  full  equation  can  be  substantially  simplified  for  a  realistic  ionosphere  and  can  be  expressed  in  the  form: 
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Where: 


ni 

is  the  ion  density. 

is  the  ion  mass 

ii.JU 

are  the  ion  and  neutral  velocities. 

is  the  neutral  mass 

k 

is  the  Boltzmann  constant 

T, 

is  the  ion  temperature 

T„ 

is  the  neutral  temperature. 

Te 

is  the  electron  temperature 

M-in 

is  the  reduced  mass,  given  by 

"in 

is  the  momentum  transfer 

(miirin)  /  (mj  +  mj 

collision  frequency. 

Note  that  the  energy  sources  and  sinks  for  the  ion  gas  have  been  separated  to  opposite  sides  of  the  equality.  Ions  may  gain  energy  by 
interactions  with  electrons,  or  acceleration  by  applied  fields,  and  this  energy  is  dissipated  by  collisions  with  the  neutral  air. 


A  further  simplification  of  this  equation  [5],  is  of  the  form:- 


(  V,-V„)2  =  —  (Ti-1^,  > 
“  —  m„ 


(1.2) 


where  T^  is  the  sum  of  the  neutral  temperature  and  the  electron  energy  exchange  term. 
From  this,  one  obtains  by  simple  vector  manipulation, 


_  _  m.  J  2m„V„  Cost  A)  y  + 

1  3k  1  3k  ’  3k  ^ 


where  A  is  the  angle  between  the  ion  and  neutral  flows. 


26-2 


This  simple  theory  predicts  a  quadratic  relationship  between  the  ion  temperature  and  ion  velocity.  The  simplified  expression  (1.2)  has 
formed  the  basis  of  several  attempts  to  study  the  coupling  between  the  ionised  and  neutral  atmospheres.  Neutral  temperature  and  velocity 
have  been  inferred  by  means  of  ion  temperatures  and  velocities  measured  with  the  Atmospheric  Explorer  C  satellite  [51  based  on  some 
assumptions  regarding  the  spatial  variation  of  Tn  and  Vn.  Baron  and  Wand,  (6J,  observed  ion  temperature  enhancements  due  to 
frictional  heating  with  the  incoherent  scatter  radar  at  Chatanika,  Alaska.  They  reported  that  an  asymmetry  existed  between  the  ion 
temperatures  measured  in  the  eastward  and  westward  electrojets  for  a  given  magnitude  of  plasma  velocity.  Alcayde  ex  al,  [7J,  attributed 
this  effect  to  the  influence  of  the  Coriolis  force  on  ion-neutral  coupling.  Lathuiliere  and  Brekke,  [8],  have  speculated  that  variations  of 
ion  composition  may  also  be  involved.  Alcayde  and  Fontanari,  [9],  attempted  to  derive  the  neutral  wind  vector  from  incoherent  scatter 
data,  by  first  deducing  an  empirical  model  of  the  neutral  temperature.  Killeen  ex  al,  [10],  attempted  to  evaluate  each  term  of  the 
theoretical  expression  with  the  aid  of  simultaneous  measurements  of  the  ion  and  neutral  temperatures  and  velocities  obtained  from 
instruments  aboard  the  Dynamics  Explorer  satellite.  In  the  majority  of  cases,  the  ion  energy  balance  equation  was  found  to  be  adequate 
to  describe  the  variations  observed. 

In  this  paper,  the  form  of  the  relationship  is  tested  by  means  of  data  taken  with  the  European  Incoherent  Scatter  Radar  (EISCAT),  and  the 
equation  obtained  is  interpreted  in  terms  of  the  neutral  mass  and  neutral  velocity.  In  the  present  study  an  attempt  is  made  to  dispense  with 
the  need  to  assume  model  parameters  when  obtaining  the  coefficients  of  the  ion  energy  equation.  This  is  achieved  by  simultaneous  fitting 
of  the  three  coefficients  of  the  quadratic.  In  this  approach,  some  reduction  in  the  range  of  parameters  and  in  the  time  resolution  must 
occur. 

EISCAT  is  a  tristatic  radar  system  located  in  Northern  Scandinavia.  Details  concerning  its  construction  and  capabilities  have  been 
extensively  reviewed  by  previous  authors  (e.g.Rishbeth  and  Williams,  [11],  Folkestad  ex  al,  [12J  ).  The  data  presented  here  were 
obtained  from  operation  of  the  radar  in  the  C-P-l  mode,  in  which  the  Tromsp  transmitter  beam  is  fixed  parallel  to  the  local  magnetic  field 
line,  and  the  remote  receivers  scan  this  beam,  intersecting  it  at  heights  of  1 10,  119,  131  and  312  km.  The  availability  of  tristatic 
measurements  enables  the  full  vector  of  the  ion  velocity  to  be  resolved,  a  great  advantage  over  previous  monostatic  systems,  which  relied 
on  beam-swinging  techniques.  Ionospheric  parameters  are  obtained  by  fitting  the  measured  autocorrelation  function  to  one  of  a  range  of 
theoretical  functions,  corresponding  to  a  known  set  of  parameter  values.  This  theoretical  A.C.F.  is  continuously  corrected,  by  means  of 
a  non-linear,  least-squares  Newton-Raphson  technique,  until  a  satisfactory  fit  is  obtained. 


Fitting  to  the  Ion  Energy  Equation 

Data  from  four  days  have  been  chosen  from  the  extensive  EISCAT  CP-1  data  set,  according  to  the  following  criteria:- 

(i)  The  data  contained  evidence  of  at  least  one  large  (  >2Q0K  )  perturbation  of  the  F-region  ion  temperature,  corresponding  to  an 
enhancement  of  the  measured  ion  velocity.  The  value  of  200K  was  chosen  since  this  is  the  largest  temperature  enhancement  that 
could  be  caused  by  electron-ion  energy  exchange  effects  alone  [5].  In  these  cases,  the  correlation  between  the  temperature  and 
velocity  enhancements  provides  convincing  evidence  that  the  observed  heating  was  due  to  the  action  of  frictional  effects. 

(ii)  Data  were  recorded  continuously  throughout  the  experiment  at  all  three  sites. 

(iii)  The  data  were  selected  from  relatively  recent  experiments,  since  these  should  yield  higher  quality  data  than  experiments  performed 
in  the  early  days  of  EISCAT. 

The  dates  and  times  of  the  selected  experiments  are  summarised  in  Table  1,  along  with  the  Kp  sum  over  a  given  number  of  three  bout 
epochs,  the  number  of  three  hour  epochs  included  in  the  summation,  and  the  average  activity  over  the  period.  The  experiments  in  general 
cover  periods  of  moderate  activity,  while  at  times  activity  is  low.  The  two  epochs  of  highest  Kp,  when  the  index  reached  values  of  6° 
and  5°  respectively,  occurred  on  the  nights  12-13/11  /1985  and  25-26/3/1986. 


Table  1  f..‘  n'”  ■  Time 

End  Dale  ami  Time 

Kpsum 

Epochs 

Average  Kp 

10.09.1985  08:00 

11.09.1985  22:00 

29* 

13 

2* 

12.11.1985  09:00 

13.11.1985  23:00 

32* 

13 

2* 

25.03.1986  09:00 

26.03.1986  09:00 

27° 

8 

3* 

08.04.1986  08:00 

09.04.1986  08:00 

16 

8 

2° 

The  variation  of  the  ion  temperature  with  time  during  the  chosen  intervals  at  a  height  of  312  km.is  reproduced  in  Figure  1.  In  the  data 
fitting,  the  ion  composition  is  assumed  to  be  dominated  by  0+.  The  variation  of  the  ion  velocity  magnitude  derived  from  tristatic 
measurements  at  the  same  height  is  also  included  in  this  figure.  The  small  H'  at  the  top  of  the  graph  marks  the  approximate  location  of 
the  Harang  discontinuity,  where  the  zonal  plasma  velocity  changed  from  westward  to  eastward.  The  exact  time  of  the  discontinuity  on 
8th  April,  1986  proved  difficult  to  estimate,  due  to  the  low  velocities  in  this  region. 
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Figure  I.  Variation  of  ion  temperature  (dotted  line)  and  ion  velocity  (full  line)  for  the  four  days  of  the  study.  The 
small  'H'  marks  the  position  of  the  Harang  discontinuity. 

Clear  correlation  of  the  ion  temperature  enhancements  with  large  ion  velocities  can  be  seen  on  all  four  days.  Previous  workers 
( e  g.  [5] )  have  commented  that  a  close  correlation  of  Tt  with  Vj  indicates  weak  coupling  between  the  ion  and  neutral  velocities,  since 
in  such  a  case  the  ion-neutral  difference  velocity  would  be  largely  dependent  on  fluctuations  in  V;. 

The  average  ion  temperature  is  illustrated  in  Figure  2  as  a  function  of  the  total  plasma  velocity,  with  the  sign  convention  chosen  so  that 
eastward  (westward)  directed  velocities  are  labelled  positive  (negative).  Three  of  the  intervals  displayed  significant  ion  temperature 
enhancements  before  and  after  the  Harang  discontinuity.  Although  there  is  a  degree  of  asymmetry  in  the  temperatures  associated  with  the 
two  electrojets,  the  differences  shown  in  Figure  2  are  not  as  large  as  those  found  by  Baron  and  Wand,  [6).  However,  the  non-linear 
form  of  the  relationship  between  Tj  and  V;  is  clearly  evident. 

In  order  to  ascertain  the  form  of  this  relationship,  an  attempt  was  made  to  fit  the  temperature  response  with  polynomials  of  varying 
degree.  A  least-squares  fitting  technique  was  employed,  and  fits  were  attempted  for  linear,  quadratic,  cubic  and  quartic  equations.  In 
Figure  3,  height  profiles  of  the  correlation  coefficients  obtained  by  fitting  to  a  linear  variation  of  Tj  with  Vj,  and  a  quadratic  in  Vj  are 
reproduced.  Rishbeth  and  Ashford,  (131,  have  attempted  to  fit  a  linear  relationship  to  the  variation  of  Vj2  with  Tt  during  a  run  of  the 
UK-POLA  experiment,  the  implicit  assumption  being  that  the  mean  neutral  wind  magnitude  is  close  to  zero.  Such  a  fit  has  also  been 
attempted  for  the  present  data,  and  the  correlation  coefficient  profile  obtained  by  this  method  is  also  depicted  in  Figure  3.  It  is  clear  that 
the  quadratic  relationships  represent  significantly  better  agreements  than  the  linear  variation  of  Vj  with  Tj.  High  correlation  coefficients 
were  found  for  equations  of  order  higher  than  two,  but  in  these  cases  the  coefficients  for  the  higher  powers  were  always  observed  to  be 
extremely  small,  ( <  10* ). 

The  fitted  equations  were  found  to  have  the  smallest  correlation  coefficients  at  heights  around  200km.  In  this  height  range,  the  neutral 
and  ion  compositions  are  known  to  be  changing  rapidly  with  altitude,  and  it  is  possible  that  composition  changes  could  occur  on  time 
scales  comparable  with  the  data  lengths  to  which  the  fitting  has  been  performed.  At  F-region  heights,  the  correlation  coefficient  for  the 
quadratic  form  of  the  equation  is  of  order  0.9.  The  form  of  this  variation  is  in  accord  with  the  simple  theory  presented  in  the  previous 
section. 
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Figure  2 

Variation  of  ion  temperature  with  ion  velocity 
magnitude,  with  eastward  flow  denoted 
positive  and  westward  flow  negative.  The 
points  shown  were  deduced  by  binning  the 
complete  four  day  data  set.  The  non-linear 
nature  of  the  response  is  clearly  shown. 
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Figure  3. 

Profiles  of  correlation  coefficient  obtained  by 
fitting  the  relationship  between  ion 
temperature  and  velocity  to  linear  and 
quadratic  forms.  Note  that  the  largest 
coefficients  are  obtained  in  the  case  of  the 
quadratic  fit,  and  that  the  fit  is  optimal  at 
F-region  heights. 
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In  the  determination  of  the  correlation  coefficients  (  Figure  3  ),  the  data  series  was  several  hours  in  length,  with  as  many  points  as 
possible  being  taken  in  order  to  define  the  nature  of  the  relationship.  To  develop  this  method  further,  it  was  necessary  to  demonstrate 
that  the  quadratic  nature  of  the  equation  relating  T;  and  V;  was  still  evident  during  much  shorter  data  lengths.  The  magnitude  of  the 
correlation  coefficient  was  investigated  for  various  data  lengths.  The  resolution  of  the  data  points  was  five  minutes,  so  that  a  ten  point 
series  corresponded  to  a  running  average  over  fifty  minutes.  Data  series  with  lengths  ranging  from  five  to  sixteen  points,  were 
investigated.  Correlation  coefficients  in  excess  of  0.9  were  obtained  even  for  the  shortest  data  series,  provided  the  series  embraced  a 
reasonable  range  of  ion  temperature  and  velocity.  For  series  during  which  no  large  variation  in  these  parame^-s  occurred,  the  correlation 
coefficient  was  invariably  lower  and  large  variations  were  observed  in  the  coefficients. 


Determination  of  Geophysical  Parameters 


The  validity  of  the  parameters  derived  from  the  fitted  coefficients  of  the  ion  energy  equation  was  determined  by  calculating  the  neutral 
mass  over  a  range  of  altitudes.  Rishbeth,  [14],  has  pointed  out  that  it  should  be  possible  to  determine  the  neutral  mass  from  the  form  of 
the  ion  energy  equation  (1.3),  since  the  neutral  mass  should  be  directly  proportional  to  the  coefficient  of  the  squared  term.  From  the 
derived  polynomials,  the  quadratic  coefficient  is  of  the  conrcct  order  of  magnitude  to  yield  values  of  the  neutral  mass  comparable  with 
model  predictions.  In  Figure  4,  height  profiles  of  the  neutral  mass  obtained  from  the  two  quadratic  fits  are  compared  with  the  height 
variation  predicted  by  the  MS1S86  model  for  a  period  encompassing  the  intense  heating  event  of  April  8th  1986.  The  agreement  is  within 
15%  in  the  F-region,  but  becomes  poor  in  the  transition  region,  possibly  due  to  the  variation  of  composition  described  earlier.  During 
the  fitted  period,  the  Joule  heating  event  would  be  expected  to  cause  an  upwelling  of  molecule-rich  air  from  E-region  heights.  Hence  it  is 
not  unreasonable  to  assume  that  a  variation  in  the  neutral  mass  could  occur  in  the  lower  F-region  at  these  times. 

Nautral  M««a  ■  Full  Quadratic  Fit 

Variation  with  Haight  _ Quadratic  Fit  CVn=0J 

TroMia  :  00.04.86  .....  MS  I S  Modal  Profile 

Fitted  with  all  data 


Figure  4. 

Profiles  of  the  neutral  mass,  derived  by 
assuming  > 

(i)  A  non-zero  neutral  wind, 

(ii)  A  neutral  wind  which  averages  to  zero. 

These  profiles  are  compared  with  the 
MSIS86  profile.  Note  that  in  the  F-region, 
the  experiment  and  theory  are  in  good 
accord. 
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It  may  be  noted  that  the  quadratic  corresponding  to  the  case  of  no  neutral  wind  (where  the  linear  term  of  the  equation  has  been  set  to  zero) 
produces  slightly  better  fits  to  the  model  profile  in  the  F-region  than  the  frill  form  of  equation  (1.3).  Given  the  small  magnitudes  of  the 
coefficients  involved,  however,  together  with  the  possibility  of  inadequacy  in  the  neutral  composition  model,  it  is  impossible  to  establish 
whether  such  a  simplification  produces  an  improvement  upon  (1.3). 

The  validity  of  the  linear  tenn  was  investigated  by  considering  its  physical  significance.  From  (1.3),  the  linear  coefficient  is  found  to  be 
proportional  to  VnCosA,  which  corresponds  to  the  component  of  the  neutral  velocity  in  the  direction  of  the  plasma  drift,  since  A  is  the 
angle  between  the  ion  and  neutral  flows.  By  adopting  a  value  of  21  a.m.u.  for  the  F-region  neutral  mass,  the  magnitude  of  this 
component  was  obtained  from  the  fitted  linear  coefficient 

Various  numbers  of  points  were  tried  in  this  fit.  With  data  taken  at  five  minute  resolution,  a  five  point  series  represents  a  running 
average  over  25  minutes.  Stepping  this  series  sequentially  by  one  point  across  the  heating  period  gave  consistent  estimates  of  this 
velocity,  although  some  large  values  were  obtained  toward  the  end  of  the  event.  The  values  for  the  velocity  component  are  within  the 
range  of  previous  measurements  (  see  Straus,  (15),  for  a  review  ).  Figure  5  represents  the  variation  of  the  velocity  component  as  a 
function  of  time  for  different  data  lengths.  While  the  consistency  improves  as  the  data  length  increases,  there  is  a  corresponding  decrease 
in  time  resolution.  A  data  series  of  some  tens  of  minutes  should  however  be  sufficient,  since  the  ion-neutral  coupling  time  constant  is 
predicted  to  be  around  three  hours  for  this  event,  and  is  of  the  form  [6] 

r=°™^  (2.1) 

The  long  time  constant  is  thus  due  to  the  low  ambient  electron  density  at  the  time  of  this  heating  event 
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Figure  5. 

Component  of  the  neutral  wind  in  the 
direction  of  the  ion  flow,  derived  from  the 
linear  coefficient  of  the  ion  energy  equation, 
fitted  with  data  series  of  different  lengths. 
The  consistency  of  the  estimates  improves 
with  the  use  of  longer  series,  although  this  is 
achieved  at  the  expense  of  time  resolution. 
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An  attempt  was  then  made  to  verify  the  values  obtained  for  this  velocity  component.  The  method  followed  the  procedure  of  Amayenc 
and  Vasseur,  [16J,  who  reported  measurements  of  the  meridional  component  of  the  neutral  wind,  derived  from  Field-aligned  velocities 
after  allowing  for  the  influence  of  the  ion  diffusion  velocity.  The  full  formula  relating  parallel  velocity  to  neutral  wind  is  of  the  form:- 


=  V* 


^„,IV  2kT,  Sin  ( I )  ("( +T  )  <?NC  _  1  «+T.)  mig] 
‘  m,  [IT \  '  dt  2Tj  dt  2kT. 


(2.2) 


Where.-  is  the  meridional  component  of  the  neutral  wind 

l  is  the  inclination  angle  of  the  geomagnetic  field 

with  the  other  variables  having  been  defined  previously. 

Although  this  method  gave  realistic  values  for  the  meridional  wind  component,  checking  of  the  component  parallel  to  the  plasma  drift 
required  knowledge  of  the  zonal  wind  vector  also.  An  attempt  to  solve  the  simplified  ion  energy  equation  for  the  neutral  velocity 
magnitude  by  means  of  an  empirical  model  of  the  neutral  temperature  proved  unsuccessful,  due  to  some  large  variations  in  the  apparent 
direction  of  the  plasma  flow. 


Discussion 

The  technique  of  fitting  curves  to  the  variation  of  ion  temperature  as  a  function  of  ion  velocity  relies  on  obtaining  accurate  measurements 
of  both  of  these  parameters.  The  method  of  assigning  errors  to  the  measured  EISCAT  velocity  has  been  reviewed  by  Jones  ei  al,  [17], 
where  it  is  noted  that  the  major  source  of  error  is  due  to  the  small  value  of  the  signal  to  noise  ratio,  particularly  at  the  remote  sites.  In 
multipoint  fitting,  random  errors  of  this  nature  should  be  averaged  out  by  the  inclusion  of  a  large  number  of  points.  The  accurate 
measurement  of  the  ion  temperature  poses  more  serious  problems,  since  determination  of  the  tme  value  is  likely  to  be  affected  by  both 
systematic  and  random  errors. 


At  least  two  mechanisms  could  give  rise  to  systematic  errors  in  the  determination  of  the  ion  temperature.  Firstly,  all  of  the  plasma 
temperatures  presented  up  to  this  point  have  been  calculated  from  the  recorded  A.C.F.  by  means  of  a  standard  model  for  the  ion 
composition.  This  does  not  include  processes  such  as  atmospheric  heating  although  it  is  known  that  these  effects  can  radically  alter  the 
ion  composition,  even  at  F-region  heights  ( (18) ).  Composition  Ganges  might  be  expected  for  the  conditions  of  interest  here,  and  some 
allowance  must  be  made  for  the  possible  underestimate  of  T,  that  might  occur  if  too  low  a  mass  had  been  adopted  in  the  fitting  of  the 
T,  /  mj  ratio.  The  fitting  procedure  was  thus  modified  in  order  to  allow  for  this  possibility. 
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Various  workers,  (  e.g.  Lathuillere  el  al,  [19],  Lathuillere  and  Brekke,  [8] )  have  adopted  a  technique  which  consists  of  fitting  once 
with  the  modelled  composition,  and  then  making  a  second  fit  to  the  A.C.F,  starting  from  the  results  of  the  first  fit,  but  with  the  ion  mass 
included  as  an  additional  free  parameter.  This  approach  is  prone  to  inaccuracy,  since  the  effect  of  changing  composition  upon  the 
autocorrelation  function  is  small.  Nonetheless,  this  technique  was  attempted  in  addition  to  the  default  method  in  order  to  obtain  a 
qualitative  picture  of  variations  in  the  composition. 

In  Figure  6,  values  of  the  ion  mass  profile  from  the  default  analysis  model  are  compared  with  those  obtained  by  fitting  to  the  ion  mass, 
during  a  period  without  heating,  and  from  a  period  where  intense  heating  was  occurring.  Points  which  converged  to  an  acceptable  fit  are 
marked  with  a  cross,  those  which  did  not  are  marked  with  an  open  circle.  Although  the  default  model  is  in  broad  agreement  with  the 
profile  obtained  at  low  heating  rate,  the  F-region  ion  mass  is  noticeably  increased  over  the  normal  values  during.the  period  of  high 
heating. 
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Variation  mth 
Tramma  i  08.04.06 
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Figure  6. 

Fitted  ion  composition  profile,  compared  to 
the  EISCAT  default  model,  during  periods  of 
low  and  high  frictional  heating.  Note  the 
increase  in  mass  during  the  strong  event, 
possibly  due  to  the  upwelling  of  molecule- 
rich  neutral  air  from  the  heated  E-region. 
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The  effect  of  this  on  the  fined  temperatures  is  seen  in  Figure  7,  where  the  ion  temperature  profiles  derived  from  the  default  compositions 
during  the  times  of  low  and  high  heating  are  compared  with  those  derived  from  the  fitted  compositions.  If  one  disregards  the  point  at 
207  km.,  for  which  no  fit  was  actually  achieved,  the  profiles  at  the  time  of  low  heating  are  in  good  accord.  However,  the  temperatures 
during  periods  of  high  heating  appear  to  be  seriously  underestimated  by  the  default  model,  over  a  large  range  of  heights.  This  effect 
chiefly  appears  in  the  bottomside  F-region.  At  greater  heights,  fitting  to  the  composition  is  difficult,  but  the  results  indicate  that  the 
perturbation  is  not  of  great  significance,  even  in  the  most  intense  of  the  observed  events.  It  therefore  seems  probable  that  calculating  ion 
temperatures  on  the  basis  of  an  0>  ionosphere  gives  adequate  values  of  ion  temperature  for  altitudes  above  the  F-region  peak,  although  in 
the  bottomside  F-region,  the  default  composition  is  clearly  inadequate  at  times  of  high  heating.  Such  results  for  the  variation  of 
temperature  with  ion  composition  agree  with  the  trends  noted  in  a  recent  paper  by  Kofmann  and  Lathuillere,  (20).  The  method  of 
performing  two  fits  is  however  not  consistently  successful,  and  the  results  cannot  be  employed  in  the  same  way  as  those  obtained  by 
means  of  the  default  model. 

An  additional  problem  in  measuring  the  ion  temperature  is  that  the  measured  temperature  may  not  be  appropriate  to  the  energy  equation. 
This  can  occur  if  an  anisotropic  plasma  velocity  distribution  exists  in  the  observing  volume,  in  which  case  the  measured  temperature  is 
dependent  on  the  particular  velocity  component  observed.  In  recent  papers,  (  [21],  [22 j,  [23],  [24]  )  the  existence  of  anisotropic 
distributions  in  the  auroral  ionosphere  has  been  widely  reported.  These  distributions  take  the  form  of  toroids  in  velocity  space,  with  the 
highest  plasma  velocities  encountered  perpendicular  to  the  magnetic  field.  A  detailed  discussion  of  these  effects  is  beyond  the  scope  of 
the  present  report  (see  St.  Maurice  and  Schunk,  121  ]  for  a  full  review),  but  they  have  a  profound  consequence  for  any  measurement  of 
temperature  during  periods  of  high  velocity.  In  these  circumstances, the  measured  temperature  will  also  be  anisotropic,  with  the 
temperature  parallel  to  the  field  being  an  underestimate  of  the  ’thermodynamic’  temperature  required  by  the  energy  balance  equation  (e.g 
Perrault  et  al,  [22],  Lovhaug  and  Fla,  [23] ). 

Although  in  the  present  case,  it  seems  that  the  ion-neutral  difference  velocity  will  only  slightly  exceed  1  km/s,  at  which  point  the  error  in 
the  estimate  of  the  temperature  caused  by  the  anisotropy  begins  to  exceed  the  inherent  error  in  the  measured  temperature,  the  relevant 
corrections  have  been  included  here  for  completeness.  The  formulae  employed  are  due  to  Si.  Maurice  and  Schunk,  [21],  [25  j,  with 
correction  terms  given  by  Perrault  et  al,  [22],  and  adopted  subsequently  by  Williams  and  Jain,  [26]. 


Figure  7. 
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Temperature  profiles  fitted  with  the  default 
model,  and  the  derived  compositions  for  low 
and  high  heating  rates.  Note  that  the  default 
model  appears  to  underestimate  the 
temperature  during  the  strongest  heating 
events. 
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The  corrected  temperature  is  within  the  errors  of  the  fitted  ion  temperature  at  Tromso  throughout  the  event,  the  single  exception  being  at 
the  peak  of  the  heating,  where  the  difference  velocity  reached  some  1200  m/s.  At  this  time,  the  corrected  temperature  was  around  30%  in 
excess  of  the  parallel  ion  temperature.  Although  anisotropy  errors  seem  unlikely  to  be  a  major  influence  in  the  present  data,  these  results 
suggest  that  they  should  be  of  considerable  importance  for  any  event  in  which  large  difference  velocities  are  maintained  for  a  long  penod 
of  time. 

If  the  correct  plasma  temperature  and  velocity  can  be  accurately  measured,  consideration  should  be  also  given  to  the  validity  of  the  ion 
energy  equation  itself.  Killeen  et  al,  i  101,  were  able  to  evaluate  both  sides  of  this  equation,  by  means  of  simultaneous  measurement  of 
the  temperature  and  velocity  of  both  the  ionised  and  neutral  components  of  the  atmosphere.  Their  investigation  revealed  that  although  the 
measured  ion  temperature  was  generally  in  good  agreement  with  that  predicted  from  the  calculated  ion  heating  rate,  there  were  periods 
when  significant  discrepancies  were  observed.  These  were  attributed  to  the  action  of  an  additional  heat  source  for  the  ions,  not  accounted 
for  by  the  simple  theory.  This  mechanism  is  still  an  unsolved  problem,  and  requires  further  studies  involving  simultaneous  measurement 
of  ion  and  neutral  parameters. 


Summary  and  Conclusions 

Data  have  been  presented  from  four  runs  of  the  EISCAT  Common  Programme,  CP-1,  for  which  the  plasma  density,  velocity  and 
temperatures  have  been  derived.  By  employing  a  least-squares  polynomial  fitting  procedure,  the  variation  of  ion  temperature  with  plasma 
velocity  can  be  investigated,  giving  the  quadratic  form  predicted  by  simple  theory.  The  form  of  the  polynomial  has  been  inspected  in  an 
attempt  to  infer  information  on  neutral  mass  and  a  component  of  the  neutral  velocity.  These  procedures  yield  acceptable  values  for  the 
coefficients  of  the  energy  equation,  however  great  caution  must  be  exercised  in  application  of  these  methods  to  quantitative  studies,  since 
there  arc  a  variety  of  potential  errors,  which  can  be  maximised  during  the  most  geophysically  interesting  periods. 

The  influence  of  factors  such  as  ion  composition  and  anisotropic  velocity  distributions  cannot  be  neglected  in  studies  of  this  kind. 
Attempts  at  eliminating  these  effects  by  adopting  a  more  sophisticated  analysis  have  been  described.  The  simple  approximation  to  the 
energy  equation  seems  to  be  valid  for  measurements  ir.  the  high  F-region,  provided  that  the  ion-neutral  difference  velocity  is  less  than 
approximately  1  km/s. 
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DISCUSSION 


K.J.Winser 

Mr.  McCrea  indicated  that  a  possible  source  of  error  in  his  interpretation  of  the  data  obtained  in  the  lower  F-region 
could  be  due  to  the  ion  composition  model  assumed  in  the  analysis  program.  This  is  a  very  important  point.  Changing 
the  model  in  this  region  by  only  30%  or  so  can  affect  the  derived  ion  and  electron  temperatures  by  several  hundred 
degrees.  U  should  be  noted  also  that  most  incoherent  scatter  radar  facilities  assume  a  static  ion  composition  model  in 
their  data  analysis  programs.  These  models  do  not  change  for  season,  or  different  geophysical  conditions,  and  therefore 
constitute  a  major  limitation  on  ground-based  measurements  of  the  lower  F-region. 

Author’s  Reply 

I  agree  that  his  was  certainly  the  case,  and  that  this  point  is  essential  to  the  interpretation  of  fitted  temperatures. 
Some  attempt  was  made  in  the  paper  to  address  this  point  by  employing  a  multiple-fitting  technique.  Such  procedures 
are  difficult  up  the  field-  ine,  since  the  velocity  distribution  function  is  not  Ramon- like  at  these  aspect  angles,  so  that 
the  distributions  for  various  species  are  not  well  differentiated.  Errors  in  the  composition  can  certainly  account  for  the 
disparity  between  the  fit  ed  neutral  mass  value  and  the  model  prediction  in  the  lower  F- region,  where  the  composition 
is  changing  rapidly. 
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ON  THE  INFLUENCE  OF  IONOSPHERIC  CONDUCTIVITY  ON  DISPERSION  OF 
ACOUSTIC  CRAVITY  WAVES 


L.P.J.  Kamp,  K.H.M.  Miesen,  P.C.  de  Jaghcr  F.W.  c!».iijtt»r 
Department  of  Physics,  Eindhoven  University  of  Technology, 
5600  MB  Eindhoven,  The  Netherlands 


Abstract 

The  influence  of  ionisation  and  conduction  on  the  dispersion  of  acoustic  gravity  waves  in 
the  upper  atmosphere  has  been  investigated  by  means  of  a  numerical  analysis  of  the 
corresponding  dispersion  relation  in  which  the  Hall  frequency  is  assumed  to  be  much 
smaller  than  the  Brunt-Vaisala  frequency.  It  is  shown  that  a  significant  consequence  of 
the  incorporation  of  ionospheric  conduction  is  a  relatively  strong  damping  of  gravity 
waves,  unless  they  propagate  parallel  to  the  earth's  magnetic  field  with  frequencies 
smaller  than  the  Brunt-Vaisala  frequency.  Typically  this  damping  takes  place  with  a 
characteristic  damping  rate  that  scales  with  the  Pedersen  conductivity.  Furthermore  it 
turns  out  that  waves  that  belong  to  the  acoustic  branch  of  the  double-branch  dispersion 
relation  are  also  damped  with  a  damping  rate  of  the  same  order  in  magnitude  when 
ionospheric  conduction  is  taken  into  account.  This  is  the  case  for  waves  propagating 
perpendicular  to  the  earth’s  magnetic  field  and  for  waves  propagating  parallel  to  the 
earth's  magnetic  field  but  then  with  frequencies  that,  are  of  the  order  of  the  acoustic 
cut-off  frequency. 


I.  Introduction 

As  is  well-known,  due  to  the  stratification  of  the  earth's  atmosphere,  there  cm 
propagate  so-called  internal  acoustic  gravity  waves  that  have  frequencies  of  the  order  of 
the  Brunt-Vaisala  frequency  (Hines,  1960). 

At  ionospheric  heights  in  the  atmosphere  a  non-zero  conductivity  causes  a  coupling  between 
these  acoustic  gravity  waves  and  electromagnetic  oscillations.  This  coupling  results  from 
col! is* Dns  between  charged  and  uncharged  particles  and  makes  it  difficult  to  examine  the 
dispersion  properties  of  the  acoustic  gravity  waves. 

In  this  paper  we  will  show  that  for  atmospheric  values  of  the  relevant  parameters  the 
electric  field  is  not  negligible  but  most  of  the  time  hydromagnet  ic  effects  can  be 
accounted  for  by  incorporating  only  a  term  that  represents  the  Lorentz  force  in  the 
momentum  equation.  This  is  demonstrated  by  comparing  the  local  dispersion  curves  for 
hydromagnetic-electromagnetic  waves  with  dispersion  curves  of  the  dispersion  relation  for 
acoustic  gravity  waves  taking  only  the  Lorentz  force  into  account.  The  main  effect  of 
ionisation  will  be  damping  of  the  acoustic  gravity  waves. 

In  special  cases,  when  the  Hall  conductivity  becomes  large  enough  so  that  the  Hall 
frequency  is  of  the  same  order  as  the  Brunt-Vaisala  frequency,  the  properties  of  acoustic 
gravity  waves  can  be  affected  by  the  induction  of  Hal  1 -currents .  In  that  case  also  the 
real  parts  of  the  frequency  and  the  wave-number  are  affected  significantly. 


2.  The  dispersion  equation 

We  can  describe  the  hydrodynamic  and  electromagnetic  waves  in  the  atmosphere  by  using 
the  following  equations  (Hines.  1953) 
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The  first  equation  is  the  continuity  equation  where  p  is  the  mass  density  and  u  =  (u.v.w) 
is  the  velocity  of  the  air.  Equation  (2)  is  the  momentum  equation  with  the  Lorentz-force  J 
x  B  the  pressure  gradient  Vp.  ar.d  the  gravitational  acceleration  g  =  -  gl^  balancing  the 

inertia  force.  The  equation  of  state  (3)  where  -j  is  the  ratio  of  specific  heats,  is  the 
one  for  isentropic  processes  which  can  be  shown  to  be  valid  for  acoustic  gravity  waves  up 
to  about  300  km.  Above  300  km  heat  conductivity  can  not  be  neglected  anymore.  The  current 

density  J  is  given  by  a  generalized  Ohm's-law  (4)  where  the  conductivity  tensor  a  has 

non-vanishing  elements  o  ~  a  =  a  .  a  -  a  .  and  a  =  -  a  =  a.  where  a  is  the 

xx  zz  p  yy  o  xz  zx  h  p 

Pedersen.  oq  is  the  parallel  and  is  the  Hall  conductivity.  Equations  (5)  and  (6)  are 

Maxwell's  equations  for  the  electric  and  magnetic  fields  E  and  B.  Using  for  *.)»<• 

zeroth-order  density  pQ  an  isothermal  model,  that  is  to  say 
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where  cg  is  the  speed  of  sound  and  is  the  zeroth-or Jer  pressure,  linearisation  oi 
to  (4)  yields 
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where  we  assume  B  =  B  1  and  u  =  0.  Equations  (4)  to  (6)  yield 
o  o  y  o 
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( 10) 


For  van  shing  conductivity  (9)  reduces  to  the  wave-equation  for  acoustic  gravity  waves  in 
a  neutral  atmosphere  and  (10)  to  the  equation  for  electromagnetic  waves,  we  now  take  °p/f’0 

and  o^/po  to  be  he ight- independent  which,  beyond  100  km  height,  seems  a  fare  assumption 

according  to  the  data  compiled  by  Vernianl  (Verniani,  1974).  In  that  case  (9)  does  not 
contain  height-dependent  coefficients  anymore.  Ignoring  the  remaining  height-dependent 
coefficient  in  the  last  term  of  (10)  we  perform  a  Four ier-Laplace  transformation  on  E^  and 
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P  u,.  This  implies  that  the  results  will  have  significance  only  in  some  W.K.B.  sense, 
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Equations  (9)  and  (10)  can  then  be  written  as 
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where  is  the  wave- frequency  and  k^.  ky,  and  kz  are  the  wave-numbers  in  x.  y.  and 

2  2 
z-direction  and  where  u  =s  a  B  /a  is  the  Pedersen  damping  rate  and  u,  =  n ,B  /p  is  the 
ppoo  hhoo 

Hail  f requency  . 

It  is  generally  assumed  that  when  and  are  small  enough,  the  determinant  of  the 

matrix  in  (II)  can  be  approximated  by  the  product  of  the  determinants  A  and  B  (Hines, 
1955).  This  gives  the  following  dispersion  equation 


IIAIMIBII  =  0. 


(12) 


Whether  this  approxima t ion  is  valid  or  not  for  the  real  atmosphere  is  studied  by  comparing 
dispersion  curves  for  acoustic  gravity  waves  calculated  from  the  full  determinant  of  (ll) 
with  the  -  calculated  using  (12). 

Therefore  we  first  evaluate  IIBII  which  results  in 


liBII 


u2(n4  -  n2c2(k2+k2+ik  /H)  +  u2c2k2 
\  s '  x  z  z  bsx 

t  2.  2,n2  2  2  2  04,  n 

+  c  k  (u  w. <i>  -w  )  =  0 
s  y  b  h 


(13) 


ihere 
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(14) 


and 


“b  =gv*FT/ca 


(15) 


is  the  Brunt-Vaisala  frequency.  Because  of  (12).  IIBlI  =  0  can  be  interpreted  as  a 
dispersion  relation.  It  can  also  be  obtained  directly  from  (7)  when  Ej  is  taken  to  be 

zero.  This  implies  that  this  dispersion  relation  is  not  ba^ed  on  some  W.K.B. 
approximation,  because  (7)  does  not  have  any  height-dependent  coefficients.  For  acoustic 
gravity  waves  in  a  neutral  atmosphere  we  have  -  (2H)  ^  (Hines.  1960).  Because  we 

want  to  study  the  effects  on  dispersion  caused  by  conductivity  compared  to  the  neutral 
atmosphere,  we  substitute  this  in  the  dispersion  relation  11BII  =  0. 

This  yields 


,2.2  2.2 
k  +k  +cj  /c 
x  z  a  s 


2  2.2  2—t  2  2 

♦  cj,  c  K  +  c  k  uu,  cj,  — * —  -  cj  ti).  >  + 
b  S  X  s  X  h  b^-j-  hf 


+  =  0 
s  yv  b  h 


(16) 


where 


2 


(j 


a 


(17) 


and  k.,  k^ .  and  k z  are  real  wave-numbers.  Equation  (16)  contains  odd  powers  of  u  and  kx. 
This  reflects  the  presence  of  a  g*BQ  drift  with  a  velocity  g/u^. 

To  investigate  (16)  further,  we  restrict  ourselves  to  waves  for  which  the  wave-vector 
k  has  only  a  component  in  the  x,  the  y.  or  the  z-direction. 

For  k  =  k^l^  (16)  reduces  to 


Sl2o2  +  u2c2k2 
a  b  s  x 


2-f  2  2 

u,  to,  — -  u  <j, 

h  b  vrr  h 


(18) 


For  k  =  k  l  we  find 

y  y 


,  204  J2.2  2n2  2  n2  2,  2  2  4  2  2  2,  2  2 

<J  w  -  1 1  c  k  -  cj  H  w  +  n  c  k  cj.  -  w  w.  +  uckcj,  =  0. 
sy  a  syb  h  syh 


(10) 


n4  02  2. 2  „2  2  2  2  „ 

W  -  il  c  k  -flu  -  u  u,  =  0. 
s  z  a  h 


(20) 


When  u^  <<  u.  there  is  no  difference  between  (16)  and  the  dispersion  equation  for  the 

neutral  atmosphere  except  that  fi  has  to  be  replaced  by  u.  Looking  at  (18)  and  (20)  this 
means  damping  of  the  acoustic  gravity  waves  in  x-  and  z-direction  with  a  typical  damping 
rate  2/u^.  Analysing  (19)  we  find  that  for  u  <<  u^  and  w  >>  u^  the  waves  in  the 

y-di  reel  ion  are  undamped  and  that  for  u  *  and  cj  ^  c.^  the  waves  are  damped  again  with  a 

damping  rate  2/u  .  It  is  interesting  to  know  whether  the  exponential  growth  of  the  wave 
P 

amplitude  with  height  goes  faster  of  slower  than  the  exponential  damping  in  time. 
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Therefore  we  compare  (2Hkz)  *  with  Wp(2u)  For  characteristic  values  of  the  parameters 

(H  =  loV  <•>  =  10"5-10"4s-1 .  (J  =  10'3-I0_2s_1 .  k  =  l(T3-10“5nf ])  this  means  that  the 

p  z 

exponential  growth  with  height  is  almost  always  the  most  important  effect.  Nevertheless 
damping  is  not  negligible,  especially  for  horizontally  propagating  waves.  When  exponential 
growth  with  height  is  the  more  important  effect,  non-linear  behaviour  is  to  be  expected 
for  upward  propagating  waves.  (Miesen.  1988). 

When  the  Hall  frequency  is  not  much  smaller  than  the  Brunt-Vaisala  frequency,  also  the 
real  part  of  o  is  influenced  (when  <<  <j  only  the  imaginary  part  of  u  is  changed  due  to 

conduction),  but  also  coupling  with  electromagnetic  modes  then  becomes  more  important. 


3.  Results  and  conclusions 

We  have  calculated  curves  representing  the  dispersion  of  acoustic  gravity  waves  for 
characteristic  values  of  the  parameters  at  several  heights  in  the  atmosphere.  We  assumed 
the  horizontal  wave-vector  (k^.k^)  to  be  real-valued  and  the  frequency  to  be  complex. 

The  imaginary  part  of  the  vertical  wave-number  was  assumed  to  be  (2H)  *as  is  the  case  for 
the  neutral  atmosphere.  For  realistic  values  of  the  parameters  the  calculations  show  no 
significant  difference  between  the  real  part  of  the  frequency  whether  the  conduction  is 
incorporated  or  not. 

In  figure  1  we  compare  curves  for  the  imaginary  part  of  the  frequency  versus  k^.  k  . 
and  versus  the  real  part  of  the  vertical  wave-number  k^.  The  curves  resulting  from  the 

dispersion  equation  when  hydrodynamic-electromagnetic  coupling  is  neglected  show  th«=- 
characteristics  as  discussed  after  (20).  i.e.  acoustic  gravity  waves  perpendicular  to  the 
earth’s  magnetic  field  are  damped  with  a  typical  damping  ra  e  up/2  and  the  principal  wave 

parallel  to  the  earth’s  magnetic  field  is  only  damped  when  its  frequency  is  approximately 
equal  to  the  Brunt-Vaisala  or  to  the  acoustic  cut-off  frequency. 

The  curves  calculated  using  the  dispersion  equation  for  waves  wu:i 
hydrodynamic-electromagnetic  coupling  included  show  no  significant  difference  for  waves 
propagating  parallel  to  the  earth's  magnetic  field  and  for  waves  propagating  in  vertical 
direction.  However.  the  curves  for  gravity  waves  propagating  horizontally  ami 
perpendicular  to  the  earth’s  magnetic  field  differ.  These  curves  are  characteristic  f.x 
heights  beyond  120  km.  and  differ  from  the  predictions  made  by  Hines  (Hines,  l&bb).  wh<- 
found  all  acoustic  gravity  waves  to  be  damped  with  a  damping  rate  up/2. 


We  found  an  exception  for  a  height  of  100  km  where  the  quotient  of  the  Brunt -Va  isa  !a 
and  the  Hall  frequencies  has  its  maximum.  At  this  height  the  real  and  the  imaginary  pari 
of  the  frequency  differ  significantly  when  calculated  from  the  two  dispersion  equations 
When  hydrodynamic-electromagnetic  coupling  is  included  the  cut-off  frequency  for  the 

acoustic  branch  is  smaller.  Consequently  the  frequency  band  where  propagation  is  not 

possible  disappears.  We  will  come  back  to  this  and  to  the  difference  in  damping  rate  for 

gravity  waves  propagating  perpendicular  to  the  earth’s  magnetic  field  incorporating 
coupling  or  not  in  a  forthcoming  publication. 

Further  investigations  showed  that  the  quotient  of  the  Hall  frequency  and  the 

Brunt-Vaisala  frequency  is  indeed  an  important  parameter  that  determines  the  influence  of 
the  hydrodynamic-electromagnetic  coupling  on  dispersion  of  acoustic  gravity  waves.  In 
conclusion  we  can  say  that  gravity  waves  are  damped  at  a  rate  equal  to  ‘•'p/2  when  they 


propagate  parallel  to  the  earth’s  magnetic  field  with  a  frequency  near  to  the 
Brunt-Vaisala  frequency.  Gravity  waves  with  frequencies  much  smaller  than  the 
Brunt-Va  Isa  liS  frequency  are  not  damped.  The  damping  of  gravity  waves  propagating 
perpendicular  to  the  earth’s  magnetic  field  needs  further  investigation  because 
hydrodynamic-electromagnetic  coupling  seems  to  play  an  important  role.  Acoustic  waves  are 


In  the  ionosphere  at  a  rate  equal  to  u  /2.  except  when  they 


imag.  part  imag.  part  oj /w^ 
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the  earth's  magnetic  field  and  with  a  frequency  larger  than  the  acoustic  cut-off 
frequency.  This  is  in  contradiction  with  Hines's  results  (Hines.  1955). 

Though  the  waves  are  damped  due  to  conductivity,  their  amplitude  grows  with  height-  due  to 
the  exponential  decrease  of  the  mass  density-  as  long  as  the  vertical  wave  number  is 
smaller  than  w/(UpH).  These  conclusions  are  correct  as  long  as  <  10  which  is  true 

except  for  a  height  cf  approximately  100  km  at  daytime  (Cole  and  Pierce,  1965). 


The  horizontal  line  at  ,  is  the  damping  rate  for  acoustic  gravity  woven 

propagating  in  the  <-dtrection  when  hydrodynamic -electromagnetic  coupling  is  neglected 
The  curve  with  the  dots  gives  the  damping  rate  for  acoustic  waves  and  the  curve  with  lit.’ 
squares  gives  the  damping  rate  for  gravity  waves  both  when  hydrodynamic-electrormiqnr t  i r 
coup' ing  is  included.  These  curves  have  been  calculated  for  values  of  the  relevant 
parameters  that  are  characteristic  for  a  height  of  approximate  l  y  200  km  (Baltics  and 
Kocharts.  1973  and  Vernlanl ,  1974):  t  =  1.4.  g  =  9.Sm/s‘2.  H  =  S-loV  Cs  =  8J5m/s. 

ub  =  7.4-10'V1.  B0  *  aQ  -  10!  'Smhos/m ,  up  =  9-io'V1.  ^  =.  3-10‘V*. 


These  curves  give  the  damping  rate  for  the  acoustic  waves  (dots)  and  gravity  mines 
(squares)  that  propagate  in  the  y-direction  with  and  without  hydrodynnmi  r-cl  ecf  romagne  t  i  c 
coupling.  Tor  this  direction  of  propagation  there  turns  out  to  be  no  significant  influence 
of  this  coupling;  the  curves  coincide. 


imag.  part  w/w^ 
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FIGURE  Ic:  Imaginary  par!  of  ucrsus  l<  . 

S' i  iuo  gruiufy  umics  can  not  propagate  purely  nertically.  only  the  damping  rate  /'«■»■  t  J : ; 
acoustic  ti«nrs  /ins  been  plotted  in  this  figure.  Here  also  it  turns  out  ta  m .iJ-«  n 
si yni f f cant  difference  whether  coupling  is  included  or  not. 
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DISCUSSION 

K.C.Yeh 

I  would  like  to  first  congratulate  you  on  working  on  this  difficult  coupling  problem  between  electromagnetic  waves  and 
gravity  waves.  You  have  shown  that  as  the  result  of  this  coupling  what  effects  could  be  expected  on  gravity  waves. 
Have  you  also  looked  at  the  result  of  this  coupling  on  the  propagation  of  electromagnetic  waves? 

Author’s  Reply 

Thank  you  for  your  congratulations.  As  to  your  question,  the  effects  of  the  coupling  for  the  electromagnetic  waves  are 
also  a  very  interesting  topic  which,  however,  we  didn’t  investigate  yet.  We  hope  to  do  so  in  the  future. 


ATMOSPHERIC  GRAVITY  WAVES  IN  THE  AURORAL  SOURCE  REGION  OF  TIDs, 
STUDIED  WITH  THE  EISCAT  CP2-DATA 

Mauelshagen,  H.-P.  and  Schlegel,  K. 

Max- Planck- Institut  fur  Aeronomic,  D3411  Katlenburg-Lindau,  FRG 


ABSTRACT 

EISCAT  offers  the  possibility  to  measure  simultaneously  the  electron  density,  electron  temperature,  ion  temperature 
and  ion  drift  velocity  in  the  height  range  from  about  80  km  to  around  600  km.  In  the  CP2-mode  the  EISCAT  radar  looks 
in  four  different  directions  within  every  6  minutes.  Thereby  it  receives  data  along  the  four  edges  of  an  oblique  topstanding 
pyramid  near  TromsO  (Norway),  that  is  inclined  a  little  bit  to  the  south-east.  In  each  direction  there  arc  data  from  21 
height  gates  between  approxima 4 ely  130-560  km  and  additionally  there  are  data  from  Kiruna  (Sweden)  and  Sodankyla 
(Finland)  from  one  height  at  about  278  km  which  allow  the  estimation  of  the  three-dimensional  ion  drift  vector  in  the  four 
points  of  intersection  at  this  heigth.  The  EISCAT  facility  was  operated  in  this  mode  since  1984  for  over  COO  hours  which 
produced  time  series  of  every  measured  ionospheric  parameter  and  in  any  of  the  84  locally  spaced  scattering  centers. 

This  paper  is  a  preliminary  report  of  the  study  of  atmospheric  gravity  waves  and  TIDs  with  these  data  where  we  just 
present  the  methods  of  estimating  different  TID-events,  their  direction  and  our  further  aims  of  study.  For  this  purpose 
we  confine  ourselves  more  or  less  to  a  magnetically  very  quiet  38- hour  period  on  the  5.-6.  May  1987.  Contrary  to  more 
active  days  it  is  possible  in  this  period  to  show  not  only  different  TID-events  but  also  to  resolve  a  frequency-time  evolution 
of  sudden  events.  For  this  very  weak  magnetic  activity  it  is  unlikely  that  the  present  TIDs  originate  in  auroral  effects. 
Thereby  one  can  work  out  criteria  to  distinguish  events  of  propagating  waves  and  of  waves  which  are  just  beginning. 
Summing  up  this  work  shows  that  it  is  possible  to  estimate  the  whole  complex  wavenumber  as  a  function  of  time  of  every 
resolvable  wave-like  structure.  This  will  now  offer  a  possibility  to  test  the  theories  of  the  generation,  the  propagation  and 
the  dissipation  of  TIDs. 


INTRODUCTION 


Travelling  ionospheric  disturbances  (TIDs)  are  nowadays  known  to  be  the  response  of  the  ionized  part  of  the  ionosphere 
on  gravity  waves  in  the  neutral  background  gas  of  the  upper  atmosphere.  But  nonetheless  there  remain  many  open  questions 
concerning  the  TIDs,  especially  about  their  sources  and  about  the  kind  of  response  of  the  different  plasma  parameters  on 
the  neutral  wave.  Historically  all  TIDs  have  been  thought  to  come  from  the  auroral  zones  and  move  more  or  less  in  the 
direction  of  the  equator.  Today  its  known  that  only  the  large-scale  ones  (periods  of  30  min  -  3  h  and  speeds  of  400- 
1000  m/sec)  behave  this  way  while  the  medium-scale  ones  (periods  of  15-60  min  and  speeds  of  100- 250m/sec)  are  now 
seen  to  come  up  from  the  lower  and  middle  atmosphere  with  meteorological  sources  in  the  troposphere  and  with  directions 
commonly  opposite  to  the  neutral  wind  direction. 

Soon  after  the  famous  paper  of  Hines  (I960)1  there  began  a  very  active  phase  of  study  in  this  part  of  ionospheric 
physics  as  seen  for  example  in  the  review  of  Francis  (1975)2  and  the  enormous  number  of  papers  cited  in  it.  Most  of  this 
work  can  be  clearly  divided  into  either  observational  or  theoretical  studies  with  hardly  any  overlap  of  these  two.  Despite, 
the  quality  of  these  old  papers  is  very  high  and  is  rarely  reached  by  newer  ones  (see  for  example  Bowman  (1968)3,  Georges 
(19C8)4,  Klostermeyer  (1969, 1972)5,6,  Hooke  (1968)7  or  Volland  (1969a, ft)8,9).  Also  some  books  appeared  (A  collection 
of  Hines' s  work  (1974)10,  Beer  (1974)11,  Gossard  and  Hooke  (1975)12  and  Yeh  and  Liu  ( 1 972) 1 3 ),  describing  the  thereby 
reached  state  of  knowledge  in  a  reviewlike  manner.  After  that  the  general  interest  in  this  theme  faded  for  about  10  years 
although  some  few  important  papers  appeared  (for  example  Richmond,  197814). 

Ill  the  last  few  years  there  is  again  a  growing  engagement  in  this  field,  but  in  comparison  with  the  older  work  the 
methods  have  totally  changed.  It  were  mainly  these  new  methods  that  made  it  necessary  to  repeat  similar  observational 
work  that  had  been  done  20  years  ago.  On  the  other  hand  the  open  questions  today  arc  nearly  the  same  as  the  remaining 
problems  of  the  older  days  (see  for  example  Hunsucker ,  198215  and  Williams  et  al.,  1 9S816 )-  But  now  it  should  be  possible 
to  use  the  enormous  data  sets  and  the  developed  computer  resources  to  solve  these  probl.  ms  and  to  obtain  both  better 
observational  and  out  of  this  better  theoretical  insight  in  the  matter  of  gravity  waves  in  the  upper  atmosphere.  A  special 
and  very  promising  facility  for  such  studies  will  be  the  EISCAT  radar.  This  paper  is  a  preliminary  report  of  such  work  and 
describes  the  beautiful  new  possibilities  one  has  with  EISCAT. 


THE  CP2-MODE  OF  EISCAT 


EISCAT  the  European  incoherent  scatter  facility  is  a  tristatic  radar  situated  in  northern  Scandinavia.  The  EISCAT- 
UHF  system  used  here  consists  of  three  identical  parabolic  antennas  from  which  one  is  used  for  transmitting  and  receiving 
while  the  other  to  are  just  receiving  antennas.  The  transmitting  antenna  is  based  near  Troms®  (Norway)  and  the  other 
two  are  located  in  Kiruna  (Sweden)  and  in  Sodankyla  (Finland).  In  contrast  to  other  incoherent  scatter  radars  these 
three  EISCAT  antennas  offer  the  possibility  to  study  the  ionospheric  parameters  from  all  three  antennas  simultaneously 
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at  the  same  place  and  the  same  time.  This  gives  the  full  three  dimensional  ion  drift  velocity  vector  and  allows  studies  of 
temperature  anisotropies.  E1SCAT  is  now  operated  in  different  modes.  Besides  three  common  modes  there  is  operation 
time  for  each  contributing  country  to  do  some  own  special  measurements.  The  CP2-data  used  here  result  from  one  of  the 
common  programs  which  is  rim  usually  once  a  month.  EISCAT  was  operated  in  this  mode  for  over  600  hours  since  1984 
recording  mostly  for  time  periods  of  24  to  38  hours. 

Measuring  along  one  direction  and  moving  to  the  next  direction  lasts  about  1  to  2  minutes.  Sometimes,  however  it  is 
possible  to  resolve  some  ionospheric  data  from  integration  times  of  just  10  sec.  In  order  to  get  some  different  directions 
and  an  acceptable  time  resolution  too,  four  measuring  directions  have  been  chosen  for  the  CP2-mode.  The  four  directions 
are  vertically  upwards,  to  the  south,  to  the  south-east  and  magnetically  upwards.  The  cycle  through  these  four  positions 
is  repeated  every  6  min.  In  this  mode  the  two  remote  sites  of  EISCAT  are  just  looking  at  one  height  of  every  beam.  This 
height  of  the  common  volume  is  changed  in  different  versions  of  the  CP2-prograxn  according  to  the  sunspot  cycle  and  is 
about  278  km  in  the  recent  version. 

Beside  the  data  from  the  four  common  volumes  at  this  one  height  EISCAT  offers  the  data  recorded  along  the  Troms0 
antenna  beam.  This  means  that  in  the  CP2-mode  the  Troms0  antenna  is  looking  along  the  four  edges  of  an  topstanding 
oblique  pyramid  inclined  a  little  bit  to  the  south-east.  The  normal  EISCAT  CP2-datafrom  Tromsjs  consist  of  the  ionospheric 
parameters  of  21  height  gates  from  each  of  the  four  measuring  directions  which  cover  a  height  range  of  about  130  to  560  km. 
Additionally  there  exist  data  from  about  60  to  150  km  with  a  height  resolution  of  just  3  km  which  are  obtained  with  a 
multipulse  technique  (see  for  example  Lehtinntn  and  Huuskonen  198417).  In  this  preliminary  part  of  the  study  we  have  just 
used  the  long-pulse  EISCAT-data  because  there  are  great  data  lags  in  the  multipulse  data  and  because  we  are  interested 
mainly  in  the  occurence  of  TIDs  in  the  F -region. 

Because  of  the  different  elevation  angles  the  21  height  gates  collect  the  data  from  different  height  intervalls  in  the  four 
directions.  Vertically  upwards  the  ionospheric  data  are  estimated  every  22.5  km  from  150  to  600  km  while  in  the  south¬ 
eastern  direction  the  data  are  from  heights  of  131  to  528  km  with  height  increments  of  about  20  km.  Considering  this  and  the 
growing  horizontal  distance  with  increasing  height,  one  must  be  careful  in  the  comparison  of  data  from  different  directions. 
We  therefore  have  just  used  the  data  from  '.he  common  volumes  at  the  height  of  about  278  km  for  iaterdirectional  studies 
and  even  for  this  values  the  data  in  the  single  directions  have  to  be  interpolated.  Despite  these  systematic  geometrical 
difficulties  and  the  time  delay  between  successive  measurements  one  has  time  series  of  four  ionospheric  parameters  in  each 
of  the  84  locally  spaced  scattering  volumes  which  principally  can  be  correlated  to  each  other.  Moreover  the  locally  different 
electric  field  from  the  four  measured  threedimcnsional  ion  drift  velocity  vectors  can  be  estimated.  With  this  and  the  time 
resolution  of  6  min  in  every  time  series  in  mind  it  is  clear  that  these  CP2-data  from  EISCAT  offer  a  wonderful  possibility 
to  study  atmospheric  gravity  waves  and  TIDs. 

THE  IONOSPHERIC  PARAMETERS  ON  THE  5.-6.  MAY  1987 

As  an  example  of  the  general  behaviour  of  the  EISCAT-data  we  present  here  the  height  profiles  of  the  estimated 
ionospheric  parameters  on  5.-6.  May  1987.  For  every  parameter  the  values  for  one  of  the  four  directions  is  shown,  the 
electron  density,  electron  temperature  and  ion  temperature  are  explained  by  their  vertical  profiles,  while  for  the  ion  drift 
velocity  the  direction  parallel  to  the  magnetic  field  is  used  to  suppress  the  effect  of  electric  fields.  In  order  to  give  clearer 
height  profiles  the  estimated  16  data  points  along  the  used  height  range  are  not  connected  linearly  but  with  the  help  of 
a  polynomial  interpolation.  In  ’.he  time  direction  the  data  were  shown  in  the  form  of  running  averages  of  5  points,  which 
means  that  at  any  point  the  data  were  averaged  over  a  time  period  of  ±15  min.  These  data  from  the  5.-6.  May  1987 
represent  a  magnetic  quiet  period  with  JjKp  being  only  9-  and  9+  respectively.  Therefore  Figures  1-4  characterize  the 
averaged  quiet  day  behaviour  of  the  auroral  upper  ionosphere. 

At  Ttoms0  the  local  time  is  UT  +  1.5  h  and  the  magnetic  local  time  is  UT  +  2.5  h.  Therefore  the  local  midnight  and 
local  noon  are  at  22 30UT  and  1030UT  while  the  magnetic  local  midnight  and  noon  are  at  21 30UT  and  930UT  respectively. 
On  the  ground,  the  sunset  and  sunrise  at  Troras0  in  the  night  from  5.-6.  May  1987  were  at  about  20so£/T  and  10QUT. 
With  increasing  height  the  time  delay  between  these  points  decreases  rapidly  until  a  height  of  around  only  30  km  it  vanishes 
totally.  This  means  that  above  30  km  the  atmosphere  is  sunlit  throughout  the  night.  But  it  has  to  be  kept  in  mind  that 
the  angle  of  incidence  of  sunlight  is  going  up  in  the  evening  and  that  at  all  times  between  the  sunset  and  the  sunrise  at  the 
ground  the  incoming  sunlight  at  the  ionosphere  is  shining  from  beneath  that  layer  what  means  that  the  ionizing  radiation 
is  filtered  out  previously. 

In  the  daytime  the  height  of  maximum  electron  density  is  as  low  as  270  km  and  at  this  height  range  electron  density 
seems  to  go  up  and  down  opposite  to  the  zenith  angle.  Above  350  km  on  the  other  hand  there  are  no  daytime  changes 
visible.  The  estimated  electric  field  data  show  that  the  enhancements  of  the  electron  density  at  lower  heights  at  about 
20  UT  on  the  5.  and  about  18-20  UT  on  the  6.  May  are  related  to  higher  electric  fields.  While  at  other  times  the  electric 
field  is  lower  then  about  2  mV/m  it  goes  up  to  20  mV/m  between  19  and  20  UT  on  the  5.  May  and  rises  at  times  to  over 
30  mV/m  after  about  16  UT  on  the  6.  May.  Despite  these  electric  fields  are  not  very  large  they  affect  the  situation  in  the 
otherwise  very  quiet  conditions. 

An  effect  of  the  sometimes  enhanced  electric  field  can  be  recognized  in  the  ion  temperature  too,  in  form  of  an  increased 
temperature  throughout  all  heights  as  shown  in  Figure  2.  In  general  the  ion  temperature  seems  to  rise  with  height.  The 
outstanding  features  of  this  figure  are  therefore  the  maxima  of  ion  temperature  at  both  days  in  the  height  range  of  200 
to  220  km  in  the  daytime.  At  greater  heights  the  ion  temperature  rises  again  above  about  300  km.  Beside  the  existence 
of  these  daytime  maxima  there  are  other  enormous  day  night  differences.  Especially  one  should  mention  the  different  day 
night  behaviour  in  the  lower  and  upper  heights.  Below  about  250  km  the  ion  temperature  goes  up  and  down  with  incoming 


Figure  1 :  Vertically  measured  electron  density  during  the  38  hour 
magnetically  quiet  time  period  of  the  5.-6.  May  1987. 
The  data  are  smoothed  in  time  of  the  order  of  half 
an  hour  and  the  units  are  1011  electrons  per  cubic 
meter. 


Figure  2:  Vertically  measured  ion  temperature  during  the 
38  hour  magnetically  quiet  time  period  of  the  5.- 
6.  May  1987.  The  data  are  smoothed  in  time  of  the 
order  of  half  an  hour  and  are  given  in  degrees  Kelvin. 


Figure  3:  Vertically  measured  electron  temperature  during  the 
38  hour  magnetically  quiet  time  period  of  the  5- 
6.  May  1987.  The  data  are  smoothed  in  time  of  the 
order  of  half  an  hour  and  are  given  in  degrees  Kelvin. 


Figure  4:  Ion  drift  velocity  parallel  to  the  magnetic  field  mea¬ 
sured  during  the  magnetically  quiet  time  period  of 
the  5.-6.  May  1987.  The  data  are  smoothed  in  time 
of  the  order  of  one  hour  and  are  given  in  meters  per 
second  with  positive  velocities  going  upwards  and 
negative  velocities  downwards. 


solar  irradiation  as  it  is  expected.  Above  about  300  km  however  the  variation  has  the  opposite  sign.  This  ran  be  explained 
perhaps  by  an  expanding  and  a  compressing  of  the  neutral  thermosphere  in  the  daily  course  of  the  solar  heating. 

The  behaviour  of  the  electron  temperature  (Figure  3)  is  totally  different.  It  seems  as  if  the  electron  temperature  is 
directly  affected  by  the  solar  ionizing  radiation  as  long  as  electric  fields  are  sufficiently  low.  An  argument  for  this  is  the  fact 
that  the  period  of  reduced  electron  temperature  during  the  night  of  5.  to  G.  May  decreases  with  increasing  height.  During 
the  next  night  this  can  not  be  seen  because  the  particle  precipitation  associated  with  the  increased  electric  field  causes  a 
heating  of  the  electrons.  During  daytime  the  electron  temperature  in  the  F-rcgiou  is  about  twice  the  ion  temperature.  On 
the  other  hand  the  electron  temperature  shows  no  maximum  with  height  but  is  increasing  more  or  less  coutinously. 

Figure  4  shows  the  gray-scale  coded  height  profile  of  the  ion  drift  velocity  parallel  to  the  magnetic  field.  These  data 
were  smoothed  by  a  running  average  over  10  data  points  which  means  a  temporal  moving  average  of  one  hour.  In  the 
height  direction  such  an  average  is  insignificant  because  the  few  existing  data  points  are  only  arhitraryly  enhanced  bv 
polynominal  interpolation.  Despite  this  averaging  these  ion  drift  velocity  data  are  more  variable  then  data  of  the  other 
ionospheric  parameters.  This  is  due  to  the  different  effects  that  can  influence  this  drift  velocity.  Among  others  there  are 
up  and  downward  neutral  winds,  electric  fields  and  horizontal  meridional  neutral  winds  that  push  the  ions  upwards  or 
downwards  along  the  magnetic  field.  Beside  the  times  of  the  slightly  enhanced  electric  field  it  seems  as  if  the  ion  drift 
is  upward  in  the  night  and  downward  through  the  day  in  nearly  all  heights.  At  the  greatest  heights  however  it  is  nearly 
coutinously  upwards  and  in  the  lowest  heights  it  is  more  or  less  undefined.  The  upper  drifts  may  be  explained  by  tin- 
global  mean  meridional  circulation  which  should  be  upwards  and  southwards  in  the  summer  northern  thermosphere  (  see 
for  example  Richmond  19S31*).  The  ion  drifts  in  the  other  heights  might  then  be  explained  by  a  presumed  southward 
neutral  wind  at  night  and  a  northward  neutral  wind  during  the  daytime. 


EXAMPLES  OF  WAVE-LIKE  STRUCTURES 

T<<  ge*  familiar  with  TIDs  and  atmospheric  gravity  waves  Jet  us  first  show  a  few  examples  of  wave-like  structure-!. 
In  the  gray -scale  coded  smoothed  height  profiles  of  the  ionospheric  parameters  shown  in  Figures  1-4  there  are  just  some 
wave-like  structures  to  be  seen.  For  example  in  Figure  1  some  isolines  of  the  electron  density  behave  in  a  wave-like  manner 
with  an  amplitude  of  over  20  kin  and  periods  of  mainly  2-G  hours.  It  is  now  necessary  to  decide  which  of  these  structure- 
are  really  due  to  atmospheric  gravity  waves  and  which  are  just  an  effect  of  the  diurnal  change  of  solar  U\  -  incidence  or 
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Figure  5:  Filtered  data  from  2  hours  to  4  hours  of  the  1G  low¬ 
est  vertically  measured  electron  temperatures  over 
Tromso.  Each  line  consists  of  the  values  from  one 
height  .jxi  the  data  from  successive  heights  are  shifted 


which  are  connected  to  electrodynamic  phenomena.  In  order  to  distinguish  such  similar  looking  but  different  wave-like 
events  it  is  first  of  all  useful  to  estimate  the  electric  field,  but  then  it  is  especially  helpful  to  study  their  height  dependence. 
Finally  one  can  compare  their  appearence  in  the  different  parameters  as  in  the  different  directions  by  plotting  the  data 
with  a  maximum  resolution  of  the  events. 

Beside  gray-scale  coded  pictures,  or  contoures  one  can  present  the  height  and  time  dependent  data  in  the  form  of 
intensity  lines  from  different  heights  with  intensity  shifts  between  them  representing  the  height  differences.  These  quasi- 
three  dimensional  pictures  are  sometimes  more  impressive  and  more  illustrative  than  gray-scale  coded  pictures.  Figure  5 
is  an  example  of  such  a  plot  which  shows  the  2-4  hour  variations  in  the  height  dependent  vertically  measured  electron 
temperature.  For  this  picture  the  data  are  first  subtracted  by  their  4  hour  moving  average  and  are  then  averaged  by  a 
2  hour  moving  average.  The  data  filtered  in  this  way  are  then  Linearly  connected,  though  it  is  sometimes  more  useful 
to  apply  interpolation  methods  to  give  an  even  more  impressive  imagination  of  the  considered  wave-like  events  (see  for 
example  Schlegel  198619). 

The  appearing  difficulties  in  deciding  whether  an  event  is  caused  by  a  neutral  wave  or  is  just  an  effect  of  other  natural 
phenomena  in  the  polar  ionosphere  gets  clear  also  in  Figure  5.  The  outstanding  decrease  in  electron  temperature  through 
the  night  of  the  5.  to  the  6.  May  of  Figure  3  is  now  looking  not  very  distinct  to  the  wave-like  event  appearing  a  few  hours 
earlier.  Therefore  one  has  to  consider  always  the  different  kinds  of  data  and  especially  the  electric  field  to  make  sure  that 
the  fluctuations  of  the  ionospheric  parameters  are  really  due  to  neutral  waves,  despite  they  last  only  for  1  to  2  waveperiods 
sometimes.  Figure  6  shows  that  it  is  not  always  easy  to  recognize  at  once  a  wave-like  event  though  one  exspects  it.  The 
big  wave-like  event  with  a  period  of  a  little  less  than  4  hours  in  the  beginning  of  this  data  set  had  for  example  been  seen 
in  the  gray-scale  coded  tables  and  in  the  electron  temperature  of  Figure  5.  But  now  in  Figure  6  which  shows  the  four 
vertically  measured  ionospheric  parameters  at  240  km  one  has  to  look  carefully  to  distinguish  this  wave  from  the  following 
fluctuations  in  nearly  the  same  period  regime.  In  recognizing  a  neutral  wave  one  must  then  consider  the  measuring  height 
of  the  used  ionospheric  parameters  before  starting  to  explain  sudden  fluctuations  in  peak  direction,  amplitude  and  phase. 
Exact  estimations  of  the  height  dependent  response  of  the  ionospheric  plasma  to  a  neutral  passing  wave  will  not  be  given 
in  this  preliminary  study  but  will  be  studied  more  extensively.  Figure  6  is  just  an  example  and  just  one  case  of  the  different 
behaviour  of  the  parameters  at  just  one  height. 

Another  possibility  is  the  comparison  of  the  data  from  different  measuring  directions.  In  Figure  7  this  is  shown  with 
the  help  of  an  other  very  illustrative  method  of  presenting  data  with  wave-like  fluctuations.  For  this  figure  the  electron 
density  data  at  the  height  of  278  km  are  filtered  with  moving  averages  of  30  min  and  6  hours.  The  results  of  these  averaging 
processes  are  then  plotted  one  above  the  other  for  each  measuring  direction.  At  the  ends  of  the  time  period  the  data  cannot 
be  averaged  within  the  first  and  last  half  of  the  averaging  period.  This  exp'-iins  the  different  behaviour  of  the  plotted  lines 
in  these  parts  of  the  figure. 


Figure  6:  Filtered  data  from  2  hours  to  4  hours  of  the  vertically 
measured  ionospheric  parameters  at  the  height  of 
240  km  over  Tromstf. 
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Time  in  UT  (5.-6.  M ay  1987) 

Figure  7:  Time  averages  of  30  minutes  and  6  hours  of  the 
electron  density  at  about  278  km  measured  in  the 
four  different  directions. 


RESOLUTION  OF  DIFFERENT  WAVE-LIKE  EVENTS 


In  order  to  do  any  further  study  with  these  data  besides  just  describing  some  outstanding  events  one  needs  some  special 
statistical  methods.  The  problem  is  that  despite  the  time  series  of  the  84  locally  spaced  measuring  volumes  principally  can 
be  intercor related,  the  considered  events  last  only  for  a  few  wavelengths.  After  a  short  pause  there  may  then  be  an  other 
event  with  nearly  the  same  period  and  perhaps  also  with  a  similar  propagation  direction.  On  the  other  hand  one  wants  to 
detect  wave  events  in  the  whole  period  range  of  20  min  to  4  hours  in  one  automatically  performable  program.  This  means 
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Figure  8:  Sonogram  of  the  ion  drift  velocity  parallel  to  the 
magnetic  field  during  the  5.-6.  May  1987. 


that  in  only  one  period  of  the  4  hour  event  there  is  time  for  12  wavelengths  of  the  20  min  event  which  then  principally  can 
be  the  superposition  of  different  events  in  that  period  range.  Therefore  one  needs  a  method  which  is  able  to  resolve  a  wave 
that  is  just  existing  for  1  to  2  wavelengths  and  on  the  other  hand  one  must  chose  only  minimal  time  intervalls  in  order  to 
prevent  a  mixing  of  different  wave  events. 

Because  Fourier  analysis  is  insufficient  to  achieve  such  an  estimation  one  uses  here  the  maximum  entropy  method,  that 
is  superior  to  Fourier  analysis  especially  for  such  short  data  sets.  For  an  explanation  of  the  method  see  for  example  Ulrich 
and  Bishop  (197520)  or  the  therein  cited  literature.  Here  we  use  this  method  in  a  modified  form  given  by  Barrodale  and 
Erickson  (198  021,22)  which  takes  care  especially  to  rounding  errors  and  to  the  spectral  estimation  of  very  short  data  sets 
in  respect  to  the  estimated  period.  With  this  it  is  possible  to  arrive  at  a  good  power  estimation  at  all  periods  up  to  four 
hours  by  taking  separately  three  hour  data  sets  that  are  obtained  by  shifting  a  3  hour  window  through  the  whole  data  set 
by  steps  of  one  data  point  i.e.  by  6  min.  The  power  spectra  from  each  of  the  shifted  3  hour  periods  are  then  put  together 
in  form  oi  a  sonogram  (Figure  3)  show iaQ  the  power  at  any  period  below  150  min  at  all  central  times  of  the  3  hour  data 
sets.  We  confined  ourselves  io  periods  less  than  150  min  in  order  to  give  a  better  period  resolution  in  the  interesting  region 
of  30-60  min  and  to  avoid  a  reduction  of  the  power  at  the  long  period  end  of  the  -pectra.  On  the  short  period  end  the 
peaks  at  6  and  12  min  are  meaningless  due  to  the  time  delay  of  6  min  of  consecutive  measuring  points. 

So  far  we  have  performed  such  sonogram  construction  only  for  the  ion  drift  data  of  the  direction  parallel  to  the  magnetic 
field  in  the  height  of  278  km  but  the  result  (for  example  Figure  8)  is  impressive.  One  can  clearly  distinguish  different  events 
and  moreover  some  of  the  events  show  clear  pattern  of  time  evolution.  This  is,  on  the  other  hand,  just  a  fortunate  case  that 
can  be  found  only  during  magnetically  very  quiet  times.  Figure  9  for  example,  shows  a  similar  sonogram  of  a  magnetically 
just  a  little  more  active  period.  The  VKp  are  only  14+  and  25  on  that  days,  respectively  but  the  average  power  level  is 
much  higher  and  is  of  the  order  of  the  peak  power  level  in  Figure  8.  This  explains  that  it  is  nearly  impossible  to  extract 
similar  events  from  Figure  9  as  from  Figure  8,  especially  from  these  sonograms  constructed  from  the  power  spectra  of  the 
ion  drift. 


Figure  9:  Sonogram  of  the  ion  drift  velocity  parallel  to  the 
magnetic  field  during  the  19.-20.  January  1987. 


As  a  result  of  the  sonograms  oue  knows  what  periods  of  wave-like  events  are  present  in  the  data  at  a  special  time 
intervall .  With  this  knowledge  one  can  do  special  investigations  of  that  time  intervall  in  order  to  separate  the  influence 
of  each  event  by  applying  different  band  filters.  Figures  10  and  11  for  example,  show  the  ion  drift  data  parallel  to  the 
magnetic  field  in  the  time  interval  from  18  to  24  UT  on  the  5.  May  1987  with  two  different  band  filters.  In  these  cases  the 
data  are  first  subtracted  by  their  longer  period  average  i.e.  by  their  average  of  36  min  and  60  min  respectively,  and  then 
are  just  smoothed  by  their  lower  band  period  i.e.  the  moving  averages  of  24  min  and  42  min  are  estimated  respectively. 
Although  one  can  see  many  differences  in  these  figures  it  has  been  found  that  there  are  additional  complications  due  to  the 
fact  that  the  two  main  periods  at  about  30  min  and  about  60  min  are  nearly  harmonic.  In  both  cases,  however,  the  tilted 
lines  of  constant  phases  are  visible,  indicating  an  upward  moving  gravity  wave. 
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Figure  10:  Smoothed  differences  of  the  24  and  3G  minutes  aver 
ages  of  the  ion  drift  velocity  parallel  to  the  magnetic 
field  shown  for  18  to  24  UT  at  the  5.  May  1987  . 
Similar  to  Figure  5  here  the  data  from  the  15  lowest 
heights  are  plotted  and  shifted  2  m/sec  from  each 
other. 
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Figure  11:  A»  Figure  10  but  for  the  differences  of  the  42  and 
60  minutes  averages. 


ESTIMATION  OF  THE  TID-DIRECTIONS 


The  CP2  EISCAT  mode  is  useful  to  estimate  the  direction  of  atmospheric  gravity  waves  especially  because  in  the  case  of 
travelling  waves  the  same  wave-like  structures  are  found  in  the  four  directions.  Up  to  now  we  have  used  these  possibilities 
only  to  estimate  the  direction  of  some  TIDs  out  of  the  drift  velocity  of  the  ions.  We  know  that  considering  electric  field 
effects  this  is  not  the  optimal  ionospheric  parameter  but  it  is  enough  to  show  the  method  and  some  preliminary  results 
of  TID  directions.  The  difference  of  this  with  respect  to  the  use  of  other  parameters  should  only  clearer  peaks  in  the 
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correlation  curves  which  nevertheless  would  be  located  at  the  same  times.  For  clarity  it  should  also  be  mentioned  here  that 
for  all  kinds  of  correlation  studies  it  is  necessary  to  fill  eventually  existing  data  gaps.  Here  we  filled  our  data  gaps  by  the 
same  autoregressive  methods  of  Barrodale  and  Erickson  (108021,22)  which  we  also  applied  for  our  power  estimation.  This 
only  means  that  we  first  filled  all  eventually  existing  data  gaps  with  the  same  subprograms  that  we  used  afterwards  to 
estimate  the  power  spectra  for  the  sonograms. 

In  order  to  estimate  the  more  or  less  horizontal  propagation  direction  we  confine  ourselves  to  just  one  height  at  the 
common  volume  at  around  278  km.  Fig.  12  shows  an  example  of  the  constructed  correlation  curves  of  ail  six  possible 
correlations  of  the  four  directions  at  this  height.  For  every  curve  the  correlation  coefficient  of  the  data  set  in  the  first 
direction  centered  at  the  time  <o  and  the  data  set  of  the  second  direction  centered  at  the  time  *0  +  a  were  calculated  for 
’a’  being  positive  and  negative  multiples  of  6  min,  and  to  in  the  shown  example  is  22  UT.  The  resulting  values  of  the 
correlation  coefficients  are  then  connected  via  a  polynominai  interpolation  of  5  th  order  to  enable  artificially  a  better  time 
resolution  than  the  6  min  time  delay  of  successive  data  points.  Because  the  searched  wavc-like  events  have  only  a  few 
wavelenghts  duration  the  used  data  sets  have  only  the  length  of  about  two  wave  periods  to  allow  the  distinction  of  different 
events  and  to  allow  changes  in  the  propagation  direction  of  longer  events. 

Cross  correlations  of  ion  drift  velocities  in  2  directions 
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Figure  12:  Example  of  the  six  possible  correlation  curves  of 
the  ion  drift  velocity  data  from  the  four  directions 
at  the  height  of  about  27S  km.  The  curves  show 
the  temporal  evolution  of  the  correlation  coefficient* 


The  enlightening  paper  of  Hines  (1974)23  gives  clarity  about  the  different  speeds  and  velocities  of  waves  which  can 
be  calculated.  From  the  described  correlation  studies  we  obtain  the  phase  trace  speeds  in  the  different  directions  of  the 
measured  scattering  volumes.  These  phase  trace  speeds  are  just  the  quotients  of  the  distances  of  the  two  used  volumes 
and  the  time  differences  of  the  correlation  maxima.  For  these  times  of  maximum  it  actually  has  to  be  kept  in  mind  that 
EISCAT  measures  the  successive  directions  with  time  differences  of  1.5  min  what  means  that  there  are  additional  time 
delays  of  1.5  min,  3  min  or  4.5  tnin  to  be  considered.  Figure  12  shows  that  it  is  not  always  easy  to  estimate  the  time  of 
the  maximum  in  the  correlation  curves  that  belong  to  the  chosen  event.  On  the  other  hand  one  has  sometimes  clearly  two 
corresponding  times  whose  difference  clearly  gives  the  period  of  the  wave.  With  the  help  of  those  six  correlation  curves 
for  every  event  or  every  chosen  time  one  usually  gets  4-5  good  estimates  of  the  corresponding  phase  trace  speeds.  Because 
minimally  two  trace  speeds  are  enough  to  estimate  the  horizontal  phase  trace  speed  and  the  propagation  direction,  this 
method  is  fully  su  icient. 

Though  the  propagation  direction  of  TIDs  can  be  calculated  by  these  maximally  six  estimated  directional  phase  trace 
speeds  we  have  up  to  now  just  estimated  the  directions  and  speeds  graphically.  For  this  purpose  we  drew  a  sketch  in  the 
dimension  of  phase  speeds  for  ever^  event  to  be  examined.  In  accordance  with  Hines  (1974)23,we  estimate  the  direction  of 
horizontal  phase  propagation  by  evaluation  of  the  direction  of  the  lowest  phase  trace  speed  of  the  presumed  plain  wave.  In 
a  sketch  of  the  four  scattering  volumes  we  first  drew  one  phase  trace  speed  in  arbitrary  but  from  then  on  constant  units. 
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Figure  13:  Sketch  to  estimate  the  horizontal  phase  trace  speed 
and  propagation  direction  for  the  same  event  whose 
correlation  curves  are  shown  in  Figure  12. 


We  drew  this  speed  from  one  of  the  two  regarded  volumes  in  the  direction  of  the  other  under  consideration  of  the  sign. 
Because  the  units  are  optional  it  is  found  to  be  easiest  to  take  the  units  with  the  aim  that  this  phase  trace  speed  just 
connect  the  two  volumes.  Using  the  adopted  units  of  phase  speed  we  drew  now  the  other  two  phase  trace  speeds  from 
each  of  the  connected  points  respectively  in  the  directions  of  the  other  two  volumes  taking  the  corresponding  signs  into 
account.  From  these  five  used  phase  trace  speeds  one  can  then  construct  a  pair  of  parallel  straight  lines  through  the  two 
first  connected  volumes  and  the  endpoints  of  the  sketched  speeds.  One  can  proof  this  construction  with  the  sixth  estimated 
phase  trace  speed  which  should  be  the  distance  of  the  two  parallel  lines  in  the  direction  o!  the  two  not  connected  volumes. 
The  perpendicular  distance  of  the  two  parallel  lines  is  then  the  horizontal  phase  trace  speed  in  the  arbitrarily  chosen  units 
and.  the  direction  of  the  vertical  is  the  horizontal  propagation  direction  of  the  wave  of  this  event. 

It  has  to  be  kept  in  mind  that  these  constructed  parallel  lines  are  not  lines  of  constant  phase  with  just  one  wavelength 
in  between.  As  an  artificai  easy  example  let  us  take  only  three  phase  trace  speeds  that  all  contain  the  second  scattering 
volume.  First  we  connect  the  first  and  second  volume  and  estimate  from  their  range  and  from  that  trace  speed  the  used 
units  (m  sec  per  cm).  This  choice  of  units  fix  exactly  that  time  a  wave  needs  to  travel  from  volume  two  to  volume  one. 
At  the  same  time  period  the  phase  of  the  wave  travels  in  the  directions  of  volume  three  and  four  exactly  to  that  point 


Figure  14:  Propagation  directions  and  phase  trace  speeds  for 
the  wave-like  structure  shown  in  Figure  11.  The  left 
picture  shows  the  situation  at  about  19  UT  and  the 
right  one  an  hour  later. 


which  is  given  by  that  time  and  the  corresponding  phase  trace  speed.  Presumed  that  all  three  speeds  axe  positiv  the  three 
endpoints  will  lay  on  one  straight  line  which  can  be  seen  as  a  line  of  constant  phase.  Normally  this  phase  will  be  different 
from  the  phase  of  a  parallel  line  going  through  volume  two,  but  the  vertical  to  them  represent  the  propagation  direction. 
A  phase  trace  speed  perpendicular  to  these  lines  is  on  the  other  hand  the  lowest  possible  existing  phase  trace  speed  which 
means  that  this  is  the  horizontal  phase  trace  speed  in  the  units  chosen  by  the  first  connection. 

To  do  this  construction  for  the  correlation  curves  shown  in  Figure  12  yields  Figure  13.  There  one  sees  that  the 
propagation  direction  is  to  the  south-east  with  a  horizontal  phase  trace  speed  of  124  m/sec.  Considering  the  wave  period 
of  31  min  one  calculates  the  horizontal  wavelength  to  be  231  km  for  this  near  event  occuring  near  midnight.  With  this 
method  of  graphical  estimation  one  can  even  study  the  temporal  propagation  behaviour  of  a  TID.  In  Figure  14  for  example 
are  given  the  propagation  directions  of  the  filtered  TID  event  presented  in  Figure  11  at  two  times  separated  by  one  hour. 
The  picture  shows  that  the  situation  has  not  changed  very  much  within  that  time.  The  periods  are  55  min  and  54  min 
what  is  within  the  estimation  error  but  the  horizontal  phase  trace  speeds  have  changed  from  about  40  m/sec  to  only 
around  35  m/sec.  These  speeds  estimate  the  wavelengths  to  be  130  km  and  113  km  respectively.  Because  the  propagation 
directions  sue  so  similar  this  picture  first  of  all  proofs  that  the  wavelike  behaviour  at  both  times  belong  really  to  the  same 
TID-event  as  had  been  exspected  from  the  sonogram.  After  all  this  figure  gives  a  good  outlook  of  the  possibilities  one  will 
have  with  further  studies  of  the  temporal  evolution  of  propagating  TIDs. 


AIMS  OF  FURTHER  STUDY 

As  is  mentioned  earlier  this  paper  is  just  a  preliminary  report  of  the  study  of  atmospheric  gravity  waves  and  TIDs  with 
the  help  of  the  EISCAT-CP2  data  set.  It  explains  only  the  principal  methods  of  data  preparation,  of  the  resolution  of 
different  TID-events,  and  of  the  estimation  of  propagation  directions.  On  the  other  hand  this  report  shall  also  excite  some 
interest  on  the  further  study  of  the  observed  atmospheric  waves  and  TIDs  with  this  excellent  data  base.  These  further 
aims  will  be: 

•  Height  dependence  of  the  wave  parameters 

The  height  resolution  of  about  20  km  in  the  height  range  of  150  to  500  km  offers  the  possibility  to  estimate  the  TID- 
events  independently  at  all  of  these  height  intervalls.  This  means  that  one  will  get  all  wave  parameters  in  the  height  range 
of  150  to  500  km  independently  at  about  every  20  km.  Among  the  estimated  parameters  are  especially  the  wave  amplitude 
and  the  propagation  direction,  whose  height  and  time-height  dependence  are  of  special  interest. 

•  The  wave  quantities  in  the  different  ionospheric  parameters 

Because  we  are  able  to  estimate  the  time  and  height  dependence  of  the  amplitudes  and  phases  of  the  TID-events  in  each 
of  the  measured  ionospheric  parameters  it  is  possible  to  study  the  phase  differences  of  the  same  TID-event  in  the  different 
ionospheric  parameters.  This  offers  totally  new  possiblities  in  the  study  of  the  relationship  of  the  different  ionospheric 
parameters  with  the  wave  in  the  neutral  atmosphere  and  in  the  relationship  of  the  ionospheric  parameters  among  each 
other. 

•  Special  dispersion  effects  in  the  ‘wings’  of  the  sonograms 

The  relatively  good  frequency  resolution  in  the  sonograms  in  the  magnetically  very  quiet  days  allow  further  study  of 
single  TIDs  which  are  just  propagating  through  the  measuring  area.  One  can  see  these  ’wings’  i.e.  one  can  see  the  temporal 
evolution  of  a  propagating  atmospheric  gravity  wave  with  respect  to  its  period.  It  seems  to  be  typical  for  the  TIDs  that  the 
period  first  decreases  a  little  and  then  increases  slightly  to  periods  being  about  10-20%  greater  than  the  minimum  period 
before  they  disappear.  This  must  of  course  be  studied  further  and  has  to  be  compared  with  theoretical  considerations. 

•  Generation  of  TIDs  with  the  help  of  data  from  lower  heights 

Beside  the  data  from  above  150  km  height,  EISCAT  offer  the  same  kind  of  data  especially  from  about  60  to  150  km 
with  a  height  resolution  of  only  3  km.  These  multipulse  data  from  EISCAT  allow  exact  estimations  of  the  ionospheric 
densities  and  conductivities  which  together  with  the  known  electric  field  gives  the  ionospheric  heating  rates.  With  these 
data  it  should  be  possible  to  study  exactly  the  generation  of  TIDs  and  especially  estimate  the  amount  of  energy  going  into 
the  waves. 

•  Statistics  for  different  magnetic  activities 

Statistics  of  the  data  from  different  magnetic  activity  can  be  performed  in  order  to  develop  some  empirical  relations 
between  activity  parameters  and  the  amount  of  energy  being  stored,  transported  and  released  by  large  scale  TIDs.  Though 
it  is  not  likely  that  there  is  only  a  global  Kp  dependence,  it  is  perhaps  possible  to  find  special  relations  between  magnetic 
activity  indices  (for  example  in  Ae,  Au  or  Al)  and  the  occurence  of  local  time  dependent  TID  activity.  This  would  then 
allow  an  improvement  in  the  magnetic  activity  dependence  of  global  atmospheric  and  thermospheric  models. 
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DISCUSSION 


T.  Croft 

When  TIDs  are  seen  in  sweep-frequency  records  of  sky  wave  backscatter  at  HF,  they  cause  focussing  on  the  distant 
Earth  at  a  distance  that  varies  with  respect  to  radio  frequency.  This  is  attributed  to  a  forward  tilt  of  the  TID.  Since 
these  TIDs  must  originate  in  a  region  and  be  initially  non-tilted,  it  is  expected  that  their  tilt  must  develop  and  gradually 
increase  as  they  travel.  The  rate  of  tilt  development  has  never  been  measured,  to  my  knowledge.  I  suggest  that  your 
data  and  your  method  of  analysis  may  permit  the  rate  to  be  observed,  since  your  spectra  show  the  age  of  each  event 
and  you  can  sample  the  tilt  angle.  This  you  may  be  able  to  derive  tilt  angle  versus  age. 

(No  reply  requested  -  this  is  simply  a  suggestion.) 

B.Hunsucker 

There  are  about  three  or  four  papers  published  using  the  Chatanika  results  showing  wa,re  parameters  in  the  source 
region.  I  will  give  you  a  list  afterwards. 

Author’s  Reply 
Thank  you. 

K.C.Yeh 

Since  your  observations  are  very  close  to  the  source  region,  are  there  occasions  for  which  the  arriving  TID  wave  fronts 
are  not  plane? 

Author’s  Reply 

Up  to  now  we  have  not  estimated  the  wave  fronts.  The  cross  correlation  of  the  (perhaps  prefiltered)  data  of  the  l 
measured  direciions  give  us  6  time  delays  for  every  period  we  want  to  analyze.  These  time  delays  can  be  used  for  the 
diagrams  of  the  phase  trace  speeds,  but  they  can  also  be  used  to  estimate  the  wavefronts.  Ideally,  we  should  then  have 
6  points  of  the  wavefront  *»o  that  we  can  contour  it.  in  reality,  there  remain  some  problems;  for  example,  the  time 
length  of  the  correlation  interval  in  respect  to  the  stationarity  of  the  source  or  just  the  error  in  the  estimation  of  the 
time  delay  which  really  produce  an  error  bar  instead  of  a  point  of  the  wavefront. 


K.Schlegel 

As  the  co-author  of  this  paper,  I  would  like  to  give  some  additional  comments.  First.  Dr.  Hu  ns  ticker  mentioned  that 
much  of  such  investigations  have  already  been  done  with  the  Chatanika  radar.  This  is  not  quite  true.  EISCAT  observes 
tristatically  in  4  positions  in  the  CP-'2  measuring  program.  This  is  unique  and  enables  us  to  determine  the  direction 
of  the  waves,  which  is  not  possible  with  any  other  radar. 

Second,  concerning  the  remark  of  Dr.  Yeh,  we  mainly  analyzed  data  from  quiet  days.  In  this  case  we  can  be  sure  that 
the  observed  waves  are  coming  from  a  certain  distance  and  that  we  are  not  close  to  the  source  region.  On  the  other 
hand,  on  disturbed  days  we  can  calculate  the  source  parameters,  like  Joule  heating,  particle  heating  or  Lorentz- force, 
from  the  EISCAT  data  and  take  them  properly  into  account. 

G.Rostoker 

Given  the  large  wave  activity  throughout  the  interval  where  you  identify  specific  gravity  wave  “pulses",  how  do  you 
deride  which  pulse  to  select  for  analysis? 

Author’s  Reply 

We  look  at  the  systematically  produced  sonograms,  which  show  the  power  of  the  variations  at  «*ach  period  from  1 
to  240  min.  In  very  quiet  times,  it  is  possible  to  distinguish  different  “wave  pulses"  clearly  as  can  be  seen  from  the 
sonogram  of  the  5  -6  May  1987.  Till  now  we  have  not  analyzed  the  more  active  periods,  where  the  sonograms  are  more 
disturbed.  In  such  cases  one  can  look  at  the  curves  of  the  smoothed  and  properly  filtered  data  at  all  heights.  With 
such  pictures  of  differently  filtered  data,  it  should  be  possible  to  decide  if  there  are  different  “wave  pulses"  in  that  time 
period  or  not. 

I.McCrea 

Are  there  any  instances  in  which  you  see  variations  in  which  the  phase  appears  to  be  in  phase  at  all  heights? 

Author’s  Reply 

l  have  some  plots  where  it's  all  in  phase. 


ON  THE  POSSIBILITY  OF  PRODUCING  ARTIFICIAL  IONIZATION  AND  POLAR  AURORA 
IN  THE  IONOSPHERE  BY  RADIO-WAVES  EMITTED  FROM  THE  GROUND 
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Introduce  ion 


In  1938  Prof .V. A. Bailey  (pioneer  of  the  plasma  physics)  demonstrated  by  calculations  that  son;-  res  - 
nance  may  occur  between  electrons  and  a  wave  as  the  frequency  of  this  wave  varies  around  the  local  gvro- 
frequency  fh.  A  radio-wave  having  a  frequency  equal  to  the  qyrof  requency  is  called  by  Bailey  "  jyr  ‘.-wave" . 
The  resonance  increases  the  collision  frequency  in  the  low  Ionosphere  by  an  appreciable  amount  (i  . 

There  are  two  principal  eonsequencies  of  the  resonance: 

1)  If  a  second  wave  unmodulated  passes  through  the  ionosphere  region  when-  the  "  lyr  -wav*.  " 
-vts,  we  have  an  interaction  between  these  two  waves.  This  phenomenon  is  called  by  Bailey  "  gyro i  nt era  "t  i -n 
and  has  been  demonstrated  experimentally  by  Cutolo  and  colleaques  (2). 

2)  if  the  radiowave  is  a  gyro-wave,  with  a  carrier  frequency  varying  around  the  local  gyro fre¬ 

quency  and  is  power  ~ul  it  could  produce  in  the  Ionosphere  an  artificial  aur-'-tu  or  airulow.  The  p.w*  rf 
qyro-wave  would  reduce  strongly  the  electric  voltage  of  the  region  illuminated  by  the  gyro-wave  as?  t 
generate  an  alectncal  discharge.  Moreover  Bailey  has  shown  that  with  a  suitable  system  ■-!  H  "«  ■  act.  a  I 
and  with  a  power  of  500  Kw  or  of  1.000.000  Kw  it  would  be  possible  to  generate  an  artificial  aur  ra  bet¬ 
ween  60  and  88  Km  (3)  m  the  Ionosphere.  The  artificial  aurora  would  consist,  wi*h  a  diameter  «•*  ’•  K ■■  a:  : 

height  20  K  m  or  in  the  case  of  a  power  of  1.000. 000  Km  the  aurora  would  appear  as  •«  lumitv  .is  sphere  w  .  «• 

.1  diameter  9  times  greater  than  that  of  the  full  moon  but  with  minor  brightness  (!'. 

The  aurora  would  appear  between  6T>  and  88  Km  from  the-  surface  of  the  earth. 

V.A.  Hailey  starting  from  the  experiments  of  ll. A.  Wilson  and  D.X.  Mye*  .■  made  in  ::ydn*y  wit*,  h.  i: 
quency  discharges  on  the  lines  developed  by  .J.S.  Towsend  and  his  associates  develop*'4  h:  the  ry. 

These  experiments  made  Wilson  and  Myer  -  showed  that  the  electric  dischux  qes  •"di:  ,'ccur  a.  »  :>•  ai:  w.»  • 
in  the  uniform  column  z/p  the  ratio  of  th "  nicctrir  force  /  r  •-»  t  h-  gas  pressure  p  is  .jppr  •  •>: .  -ra* •- i  i-  . 
It  is  possible  therefore  to  conclude  that  two  of  the  necessary  conditions  for  producing  electr  rts  and  :  :*t 
•ire  satisfied  when  E/p  16. 

A  new  investigation  was  made  in  19r>9  by  V.A.  Bailey  of  the  {»..•.  ihl  e  i  ncr*Mn'*s  of  b'-t  ■  t  •  *. 

frequencies  and  the  electron  density  N  caused  by  a  powerful  extraordinary  ci  r> -ilar  gyr-:wav*  m  t'..»-  rv  .  t  .r- 

na  1  lower-F-reqion  and  in  the  daytime  0- region. 

The  theory  was  based  on  the  most  reliable  available  experimental  data  •  »r;  ♦  beiavi-.ur  >>!'  f  r  .*!«-•••*  •*. 
in  the  air  with  energies  up  to  l..!2  eV. 

I‘he  principal  process!  then  Irenrsly  int  reduced  was  t  h*  attachment  of  th.-  elect  r--ns  t-  m-  i  ecu  1  .  i:  s- 

•ollisions.  According  t"  his  new  theory  the  pwr  density  requirement  for  tfio  excitations  of  an  art;! 
airqlow  by  means  of  gyrowaVRs  were  recons  idered  by  Hailey  in  1961  m  the  light  of  later  inf.  mat;  r: .  ' -'ie 
important  conclusion  was  thit  an  array  -t  fiir  In*  le«;  radiating  vert  i  -ally  a  bear  of  qyrowaves  w;t-  a  meat: 
power  of  Aon  Kw  would  produce  an  easily  •  •bs»*rv«ible  enh  iri  -emont  of  the-  natural  airgl'w. 


I.  New  te-.  hni*|u*.  t«i  generate  an  <irt  it  w  :.ti  «_ir_:a 

A  long  series  of  experiments  *>f  the  gyrointeuct  i**n  phenomon- >r.  was  in  Italy  from  194s  to  19S.i  and  as 
a  result.  w<=-  found  the  resonance  curve  with  tw  humps  (bactrian  curve)  and  the  resonance  curve  with  one 
hump  (dromedary  curve)  (4? . 

During  the  experiments  *»f  1947  the  writer  observed  that  t  h<-  resonance  increased  when  the  Radio-tran¬ 

smission  was  carried  out  by  pulses  method  instead  of  cm  (A).  This  was  due  to  transient  actions  and  not  t.o 
increased  fiower  because  we  were  not  able,  for  technical  reasons,  to  increase  the  anodic  voltage  of  tne 
Final  Amplifier  of  the  transmitter.  Later  we  tried  to  generate  an  artificial  aurora  in  the  Ionosphere, 
Following  the  suggestion  of  V.A.  Bailey,  by  means  of  an  intense  emission  of  Radiowaves  with  carrier  fre¬ 
quency  equal  to  the  local  gy rot requency . 

In  order  to  make  a  detailed  study  we  tried  t.o  obtain  the  phenomenon  of  aurora  throuqh  laboratory  expe 
riments.  To  measure  an  eventual  airglow  in  the  Ionosphere,  T  thought  of  reproducing  the  phenomenon  in  the 
laboratory  using  a  glass  qlot»e  containing  dry  air  at  same  pressure  as  the  ionosphere. 

I  also  thought  of  using  a  radiative  electromagnetic  field  instead  of  an  inductive  field  as  other  rese¬ 
archers  do.  To  use  the  radiative  field  it  is  necessary  that  the  oscillator  producing  the  radiowaves  be 


•note  than  a  wave  length  away  from  the  glass-globe. 


To  carry  out  the  experiment  a  transmitting  and  a  receving  system  are  necessary.  Many  experiments  in¬ 
cluding  a  remarkable  one  made  on  8  Novembre  1956  were  carried  out. 

The  transmitter  emitted  pulse  waves  of  64  MHz  with  mean  power  of  70-80  Watt  and  peak  power  of  1.8  Kw. 

The  antenna  system  had  a  gain  of  16  dB.  The  transmitter  was  installed  on  the  terrace  of  the  Technical 
Physics  Institute  of  the  University  of  Naples  (Italy).  The  receiving  equipment  wa~-  located  in  another  buil 
ding  at  a  distance  of  1.4  kilometres  as  the  crow  flies  from  the  transmitting  place. 

It  consisted  of  a  half  wave  antenna  (located  on  the  terrace  of  the  receving  building)  connected  with 
a  cable  20  m  long,  that  brought  the  radiofrequency  from  dipole  to  the  Lecher  line.  The  other  end  of  this 
line  had  a  condenser  consisting  of  two  metallic  parallel  plates  distant  19  cm  one  from  the  other . 
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A  glass-globe  containing  dry  air  at  low  pressure  (2x10  mmffg)  was  placed  between  the  armatures  of 
the  condenser . 

According  to  Larmor  equation  for  F*=64  MHz,  H=2?.80  gauss.  When  the  transmitter  (located  at  i.4  Km) 
emitted  pulse  waves  and  the  magnetic  field  began  to  work,  sensible  luminescence  was  generated  in  the  glo¬ 
be  . 

The  discharge  voltage  capable  of  generating  the  visible  luminescence  was  2.10  ^  Volt/cm,  as  p=2xIG 
mmHg  we  have  that  E/p  =  2xlt?”^  /2xlO~’^  =  10. 

After  this  result  1  decided  to  try  to  generate  the  artificial  airgiow  (aurora)  in  the  Ionosphere. 

At  first  I  thought  of  sending  towards  the  Ionosphere  an  intense  pulse  beam  of  Radiowaves  with  car¬ 
rier  frequency  almost  equal  to  the  local  gyrof requency .  A  long  report  of  this  plan  was  shown  to  the  Gene¬ 
ral  Staff  of  the  Italian  Defence  Ministry.  During  long  discussion  some  perplexity  arose  among  the  Commis¬ 
sion  members.  According  to  the  qeneral  opinion  the  possibility  of  concentrating  an  intense  beam  of  Radio- 
waves  in  a  small  zone  of  the  Ionosphere  is  difficult,  to  realise  with  medium  frequency  of  I  or  2  MHz.  in 
fact  the  gyrof requency  at  45°  latitude  is  T.2  MHz. 

For  this  a  wave  length  of  200  metres,  that  is  too  high. 

For  this  I  thought  ol  using  V.D.F.  or  U.H.F,  waves,  but  modul.te  with  frequencies  varying  around 
Che  local  gyrof requency  . 

Without  modulation  with  frequency  equal  to  the  local  gyrof requency  the  electric  field  of  the  V.H.F. 
■r  U.H.F.  waves  would  he  too  high.  In  fact  V.A.  Bailey  showed  in  1938  that  the  action  of  the  terrestrial 
magnetic  field  is  to  lower  greatly  the  discharge  voltage. 

As  early  as  1953  it  was  foreseen  that  owing  to  the  clearly  non-linear  behaviour  of  D  region,  particu 
lary  of  Hailey’s  layer  (60-88  Km)  the  plasma  may  act  as  a  Detector,  sepiratmq  the  low  frequency  fr..m 
the  carrier  of  the  modulated  wave  (Cutolo  1964)  (6)  . 

Consequently  it  is  to  be  expected  that  it  a  VHF  or  UHF  wave,  modulated  with  a  frequency  equal  to  the 
local  gyrof requency,  is  radiated  towards  the-  Ionosphere,  the  wave  envelope  would  have  some  effect  on  the 
F-lasma . 

T”  "erify  this  prediction,  in  W57  a  suitable  technique  wav.  devised,  described  in  a  patent  applied 
for  ir.  *  United  states  at  th*»  end  of  1957  and  later  qranter'  '**  . 

Experiments  conducted  with  VHF  waves  moduiatvd  at  th‘-  . equency,  in  Naples  from  1953-1962  confir¬ 

med  the  pred ict  i ons-tnat  is,  the  separation  of  the  low  f requency  from  the  carrier  modulated  with  a  fre¬ 
quency  equal  to  the  l^cal  gyrof requency  (1.2  MHz). 

We  made  many  experiments  to  verify  the  existence  of  the  phenomenon  called  "Detection  effect". The  most 
important  were  made  during  the  nights  of  March  3,  5,  7  and  9  1962  from  OlOO  to  0400  T .  F .  M .  K .  .  In  nri**i 
to  confirm  that  existence,  we  decided  to  use  the  qyrointeraction  phenomenon. 

The  Augusta  wave  of  the  Italian  Navy  (54^  KHz f  worked  as  a  wanted  station. 

The  V.H.F.  transmitter  (50-75  MHz,  80  Kw)  acted  as  a  perturbing  station.  The  modulation  frequency 
varied  from  1  lOO  to  1  300  KHz  to  pass  through  the  local  gyrof  requency  (1200  KHz).  The  peak  value  of  the 
power  radiated  was  80  Kw  and  the  modulations  depth  was  40-45  percent.  The  aerial  system  was  of  the  Yaqi 
type  having  a  theoretical  gain  of  10-12  of  dB  and  irradiatmq  the  Ionosphere  90  Km  above  Sessa  Aurunca 
half  way  between  Augusta  and  Venice. 

The  receiving  stat  ion  wit’  eceiver  and  measurements  equipment  was  located  in  Venice. 

Durinq  the  niqht.s  of  5th  and  9th  the  effect  was  tecorded  with  the  cross-modulation  percentages  excee 
dinq  20%. 

Many  other  experiments  were  made  at  vertical  incidence  using  as  wanted  a  station  located  at  Nola  and 
as  rereivinq  station  placed  at  Brusciano.  The  V.U.F.  transmitter  was  located  in  Naples. 

While  the  experiments  conducted  with  oblique  incidence  established  the  existence  of  an  Ionospheric 
Detection  effect,  those  carried  out  with  almost  vertical  incidence  showed  that  the  phenomenon  of  the  sepa 
ration  is  rather  weak  according  to  Lanza's  theory. 
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Interpretations  of  the  phenomenon  were  given  by  Bailey,  Caldirola,  Gurevich  (8)  Merxel  (9)  and  Lanza. 
Unlike  Bailey  and  Caldirola  the  theory  that  follows  Cutolo's  ideas,  i.e.,  admits  a  Detection  errect  in 
the  radioengineering  sense, is  the  one  proposed  by  Lanza  (10)  of  the  North  Eastern  University  of  Boston. 

All  these  theories  are  based  on  "Non-linearity  of  the  D  region  or  nocturne  E  layer. 


Since  -.he  number  of  electrons  is  ver-  small  in  these  parts  of  the  Ionosphere  (at  night  N  lOO  elec¬ 
trons/cm  or  even  less)  and  the  mean  t’  -e  path  is  considerable,  between  one  collision  and  another  with, 
the  neutral  molecules  the  electrons  have  time  to  acquire  a  fair  amount  of  energy  from  the  electric  field 
of  the  radiowaves  crossing  the  D  region  of  the  Ionosphere. 


But  since  the  mass  of  the  electron  is  very  small  compared  to  that  of  the  molecules  the  electron  dees 
not  transfer  to  the  latter  all  the  energy  acquired  from  the  electric  fieid  so  that  it  heats  up,  with  the 
result  that  the  dielectric  permittivity  of  the  plasma  begins  to  depend  on  the  electric  field  E. 


It  follows  that  the  polarization  and  the  conduction  current  are  no  longer  proportional  to  E,  so  that 
all  the  electro-dynamic  processes,  in  particular  the  propagation  od  radio  waves,  acquire-  the  property 
of  no  longer  being  linear,  with  the  consequent  violation  of  the  principle  of  superposition. 

If  the  plasma  is  not  linear,  it  is  clear  that  it  may  act  as  a  Detector  or  a  Transistor  cr  a  Diode. 

Another  consideration  is  the  following.  If  we  transmit  a  wave  with  Mrrier  f •"'q,*ency  equal  tv  the 
qyr'-f  requency  this  wave  would  be  absorbed  whi le  crossing  the  D- region  reaches  the  wanted  wave  too  wea-. 
If  we  instead  use  a  V.H.F.  or  an  U.H.F.,  both  modulated  at  g/rof requen  y  and  the  separation  occurs  ir. 
the  Ionosphere  (because  this  last  is  non  I  inear  and  acts  as  a  low-pass  device)  the  gyro  frequency  fioli 
liberated  from  the  carrier  by  detection  can  reach  any  height  without  be  aL.;  rbed.  The  separation  ol  t  .  e 
gyrof requency  from  the  carrier  permits  it  t"  act  on  the  Ionosphere  increasing  the  collision  f reqjer.ry . 

If  the  increasing  of  the  collision  t requency  is  notable,  we  can  have  the  production  of  fresh  pie 
t rons  and  light. 


If  the  experiments  ol  iv  ion  effect  wore  made  at  high  latitude,  the  phenomenon  would  be  more  inter. 
«e  because  at  --t  latitude  trie  Resonance  effect  would  be  more  intense  because  the  anile  between  t  >>.-  elec 
'-ric  field  of  the  Radiowave?  v  H.F.  and  u.H.F.  and  the  Terrestrial  Magnetic  Field  is  nearly  9o'-. 

T'-  establish  further  the  existence  and  the  mechanism  of  the  Detection  effect  (rhat  is  th  sejar 
of  the  modulating  frequency  from  the  carrier),  we  made  some  experiments  at  Are" l be  Observatory  t'.'SA  i  r. 
1976  (11)  . 

The  transr..  ter  emitted  at  4  30"  Mb*,  modulated  with  frequencies  varying  from  1020  KHz  to  11*16  MHz,  to 
throunqh  the  Irva’  g /rof  requency .  A  Collins  receiver  equipped  with  advanced  technique  an-i  computer 
was  tumid  to  trt-  mixiulal.cn  frequencies. 

The  presence  of  signals,  with  frequencies  varying  around  the  local  gyro-f requency  recorded  by  the  com¬ 
puter,  shows  that  the  aration  of  the  modulating  wave  (the  gyro- frequency)  from  f  r.e  carrier  (4.30  MHz  ■ 
takes  place.  Vs  it  might  be  shown  from  experiments,  the  behaviour  of  the  amplitude  of  the  sinnals  is  expo 
r.entiaL.  Moreover  the  amplitudo  of  the  signals  is  very  little  because  they  are  very  weak  and  this  is  ir, 
accordance  to  the  theory. 

In  fact,  after  the  r.epai  at  ion  of  the  m  dulatiru:  frequency  f  r-.'-a-  the  carrier,  the  signals  arc*  scat t ere  i 
in  all  directions  more  easily  than  in  the  vertical  direction. 


The  greatest  quant  it  y  of  the  gyro  wave,  after  the  separation,  is  naturally  highly  absorbed  f  r  ■~-rr  t  .*•«.- 
electrons  of  the  plasma  for  resonance.  The  remarkable  energy  acquired  from  the  electrons  strongly  increa¬ 
ses  their  speed  so  that  they  collide  violently  with  the  molecules  producing  i resh  electrons  and  airil'w. 

The  artificial  production  of  fresh  electrons  permits  the  propagation  of  ra.how.ives  of  higher  lie  pier, 
'■y  through  the  Ionosphere  and  therefore  U.H.  F.  r.idiocommumcat  ion  at  great  d  i  sf  arc  . 

The  production  of  fresh  electrons  could  be  useful  for  the  iiefer.ee  of  a  country. 

If  trie  experiments  of  Detection  effect  were  made  at  hi  *h  latitude  the  phen  -mer.i  w-  uld  !<•  m  r  •  inten¬ 
se  because  at  that  latitude  the  resonance  effect  would  be  stronger. 


The  analo  between  the  electric  field  of  the  rad  inwaves  V.H.F.  and  U.H.F.  a:.-.!  trie  t  *  g  re:.t  t  i.il  magnet  i 
field  is  near  90°. 


It  has  been  demonst  rated  that  the  work  done  by  the  electric  field  of  a  ratii~»wavf-  on  an  electron  between 
tw-  consecutive  collisions  with  molecules  is  given  by 


W 


_  j8 

“  2m 


A  +  -  ci 


where  He  ir.  the  actual  value 


f  lO  id 
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\  v  M  uj  -  jC  ' ~  >'>!>?*  ja,'  /  s  -  .1  y 

U>  =  the  angular  frequency  of  the  wave 
=  eh/  me  angular  gyro- frequency 
Vf  =■  angle  between  E  and  H  (terrestrial  magnetic  field) 

>  =  the  mean  value  of  the  collision  frequency  of  an  electron  with  the  neutral  mol»-cules  of  the 
plasma . 

From  here  we  see  that  the  quantity  A  has  maximum  value  when  the  angle  is  90°  and  that  reaches  a  large 
amount  not  only  for  ^  •  jT2_  but  also  for  w1  =9o° .  In  this  case  the  resonance  has  the  maximum  inten¬ 
sity  and  hence  the  electrical  discharge  starts  more  easily. 
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SUMMARY 

It  has  been  known  for  some  time  that  sufficiently  powerful  HF  radio  transmissions 
produce  a  great  variety  of  ionospheric  irregularities.  Ionospheric  modification  facilities 
with  effective  radiated  powers  of  the  order  of  100  MW  directed  toward  the  ionosphere 
have  been  used  for  the  study  of  such  irregularities  since  1970.  Such  man-made  irregula¬ 
rities  have  been  employed  to  establish  experimental  scatter  communications  links. 
Very  powerful  short  wave  broadcast  transmitters  must  also  produce  man-made  irregularities 
which  affect  the  ionospheric  propagation  of  short  waves. 

All  aspects  of  the  physical  phenomena  which  play  a  role  in  the  production  of  ionospheric 
irregularities  by  powerful  HF  transmissions,  are  discussed.  These  include  thermal 
self-focusing  of  radio  waves,  formation  of  short-scale  field-aligned  irregularities 
by  a  thermal  parametric  instability  in  which  the  scattering  of  the  HF  pump  wave  by 
the  irregularities  into  Langmuir  waves  plays  an  important  role,  and  those  parametric 
instabilities  in  which  the  ponderomoti ve  force  dominates  over  thermal  forces.  The 
latter  two  parametric  instabilities  can  lead  to  the  acceleration  of  electrons  to  energies 
of  tens  of  electron  volts.  Such  accelerated  electrons  can  produce  artificial  airglow 
and  also  additional  ionization  which  under  certain  conditions  could  be  significant. 
In  their  strongly  nonlinear  stage  parametric  instabilities  can  lead  to  the  formation 
of  localized  electron  density  depletions  (cavitons)  maintained  by  the  ponderomoti ve 
force  of  Langmuir  waves  trapped  in  them. 


1.  INTRODUCTION 

Powerful  HF  radio  transmissions  radiated  by  modern  ionospheric  modification  facilities 
produce  irregularities  by  a  process  of  stimulated  scattering.  The  irregularities 
scatter  the  radio  wave  into  other  high  frequency  waves  which  could  be  electrostatic 
(Langmuir  waves)  or  electromagnetic  (other  radio  waves).  These  other  high  frequency 
waves  interact  with  the  original  powerful  radio  wave  via  a  nonlinear  force  which  by 
feedb ack  causes  the  irregularities  to  grow  (stimulates  them),  starting  from  their 
initial  thermal  level.  The  growth  of  the  irregularities  is  thus  due  to  a  type  of 
plasma  instability  which  goes  by  the  names  of  either  stimulated  scattering  or  parametric 
instability. 

The  irregularities  could  be  independent  of  time  or  they  could  change  "slowly", 
the  corresponding  frequencies  being  very  much  smaller  than  that  of  the  original  powerful 
radio  wave.  In  this  sense  an  assembly  of  ion  acoustic  waves  will  also  be  referred 
to  as  irregularities.  It  is  in  this  more  general  sense  that  ionospheric  irregulari ties 
due  to  powerful  HF  radio  transmissions  will  be  discussed  here. 

It  is  usually  easiest  to  consider  first  the  linear  theory  of  a  parametric  instability 
in  a  homogeneous  medium;  in  practice  even  an  inhomogeneous  medium  can  often  be  approxi¬ 
mated  locally  by  a  homogeneous  medium.  Such  a  theory  considers  the  initial  stage 
when  the  growing  irregularities  are  of  small  amplitude;  then  their  growth  and  their 
possibly  oscillatory  nature  can  be  treated  by  Fourier  analysis.  In  many  cases  a  wavelike 
Fourier  component  could  have  zero  frequency  and  then  the  irregularity  is  simply  a 
spatially  periodic  density  perturbation  of  small  amplitude.  A  linear  mathematical 
formulation  of  the  stimulated  scattering  process  described  above  then  leads  to  a  dispersion 
relation  which  for  a  real  wave  vector  k  of  the  assumed  wavelike  irregularity  leads 
to  a  complex  angular  frequency  of. 

The  dispersion  relation  depends  on  the  strength  of  the  original  powerful  radic 
wave,  usually  called  the  pump  wave.  For  a  sufficiently  weak  pump  wave  all  the  solutions 
of  the  dispersion  relation  are  damped  waves  if  the  plasma  is  stable.  As  the  strength 
of  the  pump  wave  is  increased,  eventually  for  a  certain  wave  vector  k  the  dispersion 
relation  leads  to  a  real  angular  frequency;  the  condition  for  this  is  called  the  linear 
threshold  condition.  When  the  strength  of  the  pump  wave  is  above  its  threshold  strength 
then  the  linear  dispersion  relation  results  in  a  positive  growth  rate  for  a  range 
of  values  of  the  wave  vector  k  of  the  assumed  small  irregularity.  The  growth  rates 
thus  obtained  are  called  linear  growth  rates  and  are  only  valid  for  small  amplitudes. 


Linear  theory  gives  no  information  on  the  mechanism  that  eventually  stops  the  growth 
and  results  in  the  so  called  saturation  spectrum  of  the  irregularities.  The  nonlinear 
theories  of  the  saturation  of  parametric  instabilities  are  less  well  developed  than 
the  linear  theories  on  account  of  their  more  difficult  nature  but  some  progress  has 
been  made. 

Each  of  the  following  sections  will  deal  with  one  of  the  different  parametric  insta¬ 
bilities  excited  by  a  powerful  radio  wave.  Their  associated  low  or  zero  frequency 
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irregularities  and  the  high  frequency  waves  into  which  the  irregularities  scatter 
the  pump  wave  will  be  discussed  from  both  a  theoretical  and  an  observational  point 
of  view.  Although  in  reality  the  different  parametric  instabilities  are  not  excited 
completely  independently  of  each  other,  it  will  be  convenient  to  deal  with  them  one 
at  a  time  without  ignoring  their  interdependence. 


2.  THE  OSCILLATING  TWO  STREAM  INSTABILITY 

This  parametric  instability  [11— £33*  usually  abbreviated  OTSI ,  was  the  first  one 
whose  excitation  in  ionospheric  modification  experiments  was  predicted  theoretically 
[4].  In  this  instability  the  electromagnetic  pump  wave  of  ordinary  polarization  causes 
the  simultaneous  growth  of  a  spatially  periodic  non-oscillatory  density  perturbation 
and  a  standing  Langmuir  wave  of  about  the  same  wavelength,  both  being  very  much  smaller 
than  the  wavelength  of  the  pump.  Since  the  Langmuir  wave  is  the  result  of  scattering 
of  the  pump  wave  by  the  density  perturbation,  the  frequency  of  the  Langmuir  wave  is 
equal  to  the  frequency  of  the  pump.  In  the  linear  theory  this  instability  and  the 
parametric  decay  instability,  discussed  in  the  next  section,  represent  two  solutions 
of  the  same  dispersion  relation.  A  brief  outline  of  the  theory  will  therefore  be 
postponed;  it  will  form  part  of  the  next  section.  It  should  be  remarked  already  here, 
however,  that  these  two  instabilities  can  only  be  excited  by  a  pump  wave  of  ordinary 
polarization  at  frequencies  below  the'  maximum  plasma  frequency  of  the  ionosphere; 
the  ex traordinary  wave  is  reflected  below  the  height  where  lightly  damped  Langmuir 
waves  can  exist.  In  both  instabilities  the  nonlinear  force  completing  the  feedback 
loop  is  the  ponderomoti ve  force. 

The  OTSI  has  been  detected  at  Arecibo  [53,  [6]  and  later  at  Tromso  [?]  by  observing 
the  upshifted  or  downshifted  spectra  of  radar  backscatter  by  its  Langmuir  waves. 
In  those  observations  a  radar  pulse  whose  length  was  of  the  order  of  1  ms  was  used. 
The  radar  echo  was  then  coherently  sampled,  say,  every  2  microseconds.  The  complex 
digital  Fourier  transform  of  the  sample  values  was  then  taken  and  the  absolute  values 
squared  to  obtain  the  power  spectrum  with  a  frequency  resolution  of  about  1  kHz,  the 
reciprocal  of  the  pulse  length  of  1ms.  Such  spectra,  which  in  addition  to  the  OTSI 
also  show  the  excitation  of  the  PDI  (parametric  decay  instability),  will  be  shown 
in  the  next  section;  they  are  usually  called  spectra  of  the  enhanced  plasma  line, to 
differentiate  them  from  the  plasma  line  of  incoherent  scatter. 
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Figure  1.  Spectra  of  the  OTSI  line  over  a  bandwidth  of  1  kHz,  calibrated  in  line-of 
-sight  drift  velocity,  for  different  local  times. 


In  this  section  1  kHz  wide  spectra,  obtained  by  using  much  shorter  radar  pulses 
transmitted  coherently  every  millisecond  and  by  sampling  a  large  number  of  consecutive 
scatter  echoes,  will  be  shown,  Such  spectra  have  a  much  better  frequency  resolution, 
determined  by  the  reciprocal  of  the  the  duration  of  the  sequence  of  short  pulses. 
Figure  1  (Figure  7  of  [8])shows  such  1  kHz  wide  spectra  taken  every  minute  for  about 
an  hour  As  will  be  seen  in  the  next  section,  the  spectra  of  the  PDI  are  very  much 
wider  than  1kHz  and  appear  aliased  as  noise  in  the  spectra  of  Figure  1.  Those  spectra 
therefore  only  display  the  (upshifted)  radar  backscatter  from  the  Langmuir  waves  of 
the  OTSI  which  in  the  absence  of  ionospheric  drifts  would  have  a  frequency  of  435.1 
MHz,  the  sum  of  the  radar  frequency  of  430  MHz  and  the  HF  transmitter  frequency  of 
5.1  MHz.  The  frequency  of  the  Langmuir  waves  of  the  OTSI  are  predicted  to  be  equal 
to  the  frequency  of  the  HF  pump  wave  in  a  reference  frame  drifting  with  the  electron 
gas;  the  Doppler  shift  due  to  that  drift  velocity  causes  the  frequency  of  the  upshifted 
(I'SI  line  to  differ  from  535.1  MHz,  marked  0  m/s  on  Figure  1  whose  1kHz  wide  spectra 
are  calibrated  in  1 ine-of-sight  drift  velocity.  The  maximum  plasma  frequency  of  the 
ionosphere  sank  below  the  pump  f-equency  of  5*1  MHz  at  about  1920  AST  and  the  spectra 
obtained  after  that  time  do  not  show  the  OTSI  scatter  echo. 

Figure  1  shows  that  the  1  ine-of-si ght  electron  drift  velocity  may  be  determined 
from  observations  of  the  OTSI.  Observations  of  the  ion  line  of  incoherent  scatter 
are  known  to  yield  the  1 ine-of-sight  ion  drift  velocity.  It  should  therefore  be  possible 
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to  determine  the  line  of  sight  component  of  the  current  density  vector  from  the  combination 
of  those  two  observations. 


3.  THE  PARAMETRIC  DECAY  INSTABILITY 

In  the  PDI  the  generated  low  frequency  wave  is  an  ion  acoustic  wave  and  the  generated 
high  frequency  wave  is  a  L3ngmuir  wave  whose  frequency  Is  less  than  the  pump  frequency 
by  the  frequency  of  the  ion  acoustic  wave.  This  follows  from  the  matching  relations 
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satisfied  by  the  pump  wave  and  the  two  generated  (daughter)  waves  in  parametric  insta¬ 
bilities  of  this  type. 

The  dispersion  relation  resulting  from  the  linear  theory  was  derived,  for  example, 
in  [9].  The  feedback  to  the  low  frequency  wave  results  in  this  case  from  the  pondero- 
motive  force.  The  growth  rate  resulting  from  that  dispersion  relation  is  largest 
when  the  propagation  vector  is  parallel  to  the  pump  electric  field.  For  that  direction 
the  growth  rate  has  two  well  separated  maxima  as  a  function  of  the  wave  number,  corres¬ 
ponding  to  the  PDI  and  the  OTSI.  Although  the  threshold  pump  electric  field  is  slightly 
lower  for  the  PDI  than  for  the  OTSI,  both  being  slightly  below  0.2  V/m  ,  Figures  1 
and  2  of  [10],  based  on  computations  by  Erhan  Kudeki,  show  that  for  typical  ionospheric 
parameters  the  linear  growth  rate  of  the  OTSI  exceeds  that  of  the  PDI  for  pump  electric 
fields  greater  than  0.5  V/m  when  X  =  0.983,  and  for  pump  electric  fields  greater  than 
0.9  V/m  when  X  s  0.997  where  X  is  the  square  of  the  ratio  of  the  plasma  frequency 
to  the  pump  frequency.  Thus  for  full  pump  power  of  a  typical  ionospheric  modification 
facility  the  linear  growth  rate  of  the  OTSI  certainly  exceeds  that  of  the  PDI  at  the 
first  peak  of  the  Airy  pattern  but  probably  not  at  the  lower  height  where  Langmuir 
waves  detected  by  the  4§C  MHz  radar  at  Arecibo  satisfy  the  dispersion  relation  in 
the  unpertubed  ionosphere. 

Saturation  spectra  predicted  by  weak  turbulence  theory  were  computed  in  [11]  and 
[12],  The  re3u’ts  rf  those  computations  show  that  the  Langmuir  waves  of  the  parametric 
decay  instabili  ,y,  excited  first  linearly  by  the  pump,  eventually  decay  further  paramet¬ 
rically  into  Langmuir  waves  going  in  the  opposite  direction.  Several  additional  similar 
decays  produce  a  whole  cascade  of  Langmuir  waves,  the  frequency  difference  between 
the  pump  and  the  first  member  of  the  cascade  being  half  of  the  frequency  difference 
between  neighboring  members  of  the  cascade.  The  propagation  vectors  of  the  excited 
Langmuir  waves  form  angles  of  less  than  about  25°  with  the  pump  electric  field  which 
for  the  ordinary  wave  is  close  to  the  direction  of  the  geomagnetic  field  near  the 
height  of  reflection. 

The  Arecibo  radar  beam  forms  an  angle  of  45°  with  the  geomagnetic  field  and  therefore 
according  to  thee ry  fch*  radar  should  not  detect  the  parametrically  excited  Langmuir 
waves  directly.  It  should  detect  ([12],  f13])»  however,  the  much  weaker  Langmuir 
waves  into  which  the  parametrically  excited  Langmuir  waves  and  the  pump  wave  are  scattered 
by  the  ion  acoustic  waves  in  thermal  equilibrium  (which  are  also  responsible  for  incoherent 
scatter).  Even  the  Langmuir  waves  into  which  the  pump  wave  slightly  below  threshold 
strength  is  scattered  by  the  thermal  ion  acoustic  waves,  are  still  well  above  the 
thermal  level  of  Langmuir  waves  [14]. 


Frequency  Deviation  From  424.9  MHz  (kHz) 

Firure  2.  Several  spectra  of  the  enhanced  plasma  line  obtained  by  scanning  the 

angle  of  the  430  MHz  radar  beam  while  keeping  the  elevation  angle  constant 
at  3.5°  from  vertical.  All  the  spectra  were  obtained  within  a  single  scan. 


Figure  2  (Figure  9  of  [8])  shows  some  downshifted  enhanced  plasma  line  spectra 
from  the  F-region  above  Arecibo,  ranging  from  below  threshold  conditions  to  full  pump 
strength. 
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The  weakest  spectrum,  below  threshold,  is  below  receiver  noise  level  by  a  factor 
of  about  4  and  is  double-humped;  a  better  example  of  the  same  type  of  spectrum  is 
shown  by  Figure  3  of  [83. 

The  two  next  weakest  and  almost  identical  spectra  of  Figure  2  are  not  too  different 
from  those  predicted  in  [131  and  shown  by  the  strongest  spectrum  of  their  Figure  6 
which  incidentally  also  3hows  a  spectrum  below  threshold. 

The  two  strongest  spectra  of  Figure  2  are  the  spectra  most  commonly  observed  with 
CW  operation  at  full  transmitter  power,  typically  80  MW  equivalent  radiated  power 
(ERP).  The  peak  at  424.9  MHz,  marked  0  on  the  abscissa  axis,  is  believed  to  be  due 
to  the  excitation  of  the  OTSI .  The  much  stronger  peak,  called  the  decay  line  in  Arecibo 
parlance,  at  424.9MHz  +  3.6kHz  (representing  Langmuir  waves  near  frequencies  of  5.1 
MHz  -  3.6  kHz)  is  believed  to  be  the  first  member  of  the  PDI  cascade;  the  frequency 
difference  of  3.6  kHz  is  the  value  obtained  from  the  dispersion  relation  for  the  highest 
linear  growth  rate  of  the  PDI,  for  a  temperature  of  800  K  and  a  wavelength  of  35  cm. 
Note  that  this  peak  is  1000  times  above  receiver  noise  and  nearly  40  times  above  the 
maxima  of  the  strongest  spectra  still  resembling  those  predicted  by  Figure  6  of  [133. 

In  addition  to  the  strong  peak  at  3.6  kHz,  there  are  weaker  peaks  at  about  10.8 
kHz  and  18kHz  which  could  be  interpreted  as  further  members  of  the  cascade,  spaced 
7.2  kHz  apart.  The  very  weak  peak  at  424,9  MHz  -  3.6  kHz  is  the  result  of  scattering 
by  the  3.6  kHz  ion  acoustic  wave  of  the  5.1  MHz  pump  wave  into  a  5.1  MHz  «-  3kHz  Langmuir 
wave.  In  contrast  to  the  decay  line,  this  peak  is  the  result  of  non-resonant  scattering. 

The  two  strongest  spectra  of  the  type  shown  by  Figure  2  do  not  agree  with  the  theories 
of  Fejer  and  Kuo  (1973a,  b)  and  Perkins  et  al.  (1974).  First  of  all  those  theories 
predict  that  the  Arecibo  radar  should  not  detect  directly  the  Langmuir  waves  of  the 
cascade  but  only  those  much  weaker  Langmuir  waves  resulting  from  the  scotlci  j.ug  oi 
the  pump  and  of  the  waves  of  the  cascade  by  the  thermal  level  of  ion  acoustic  waves. 
Secondly  the  observed  power  ratios  of  the  different  members  of  the  cascade  are  very 
much  greater  than  predicted  for  the  Langmuir  waves  of  the  cascade. 

Qualitative  attempts  [8]  have  been  made  to  explain  the  discrepancy  in  terms  of 
the  short-scale  field-aligned  irregularities  discussed  in  the  next  section.  However, 
since  those  attempts,  further  observations  resulted  in  even  greater  difficulties  in 
the  way  of  a  theoretical  explanation  of  the  strongest  spectra  of  Figure  2. 

Simultaneous  observations  of  the  enhanced  and  the  natural  plasma  line  ([153,  1163), 
using  the  technique  of  chirped  radar  pulses  [173,  confirmed  an  earlier  suggestion 
based  on  observations  of  a  different  type  [183,  that  for  high  pump  powers  the  enhanced 
plasma  line  is  generated  near  the  reflection  height  of  the  ordinary  wave  and  not  at 
the  lower  height  where  Langmuir  waves  detected  by  the  430  MHz  radar  satisfy  the  dispersion 
relation  in  the  unperturbed  medium.  Moreover,  the  observations  in  [16]  have  been 
interpreted  in  terms  of  localized  density  depletions  filled  with  Langmuir  waves  whose 
ponderomoti ve  force  causes  the  depletions  (cavitons)  which  are  formed  in  less  than 
10  ms  after  switching  on  the  pump  and  which  are  thought  to  have  linear  dimensions 
of  the  order  of  10  m.  For  details  of  the  technique  of  the  observations  and  of  the 
justification  of  the  above  interpretation  the  reader  is  referred  to  the  cited  publications. 
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Figure  3.  Quasi-per iodically  recurring  pulses  in  the  relative  power  in  db  of  the  enhanced 
plasma  line  with  a  2s  on  2s  off  transmitting  sequence,  sampling  the  power 
every  millisecond.  A  2s  long  period  starting  at  163209  on  19  January,  1987 
is  displayed. 


Another  recent  set  of  observations  [193*  following  up  earlier  suggestions  [8], 
indicates  that  the  temporal  behavior  of  the  power  in  the  enhanced  plasma  line  at  Arecibo 
is  much  more  complicated  than  was  previously  believed.  In  an  extreme  case,  shown 
by  Figure  3,  the  power  consists  of  pulses  of  about  5ms  duration,  repeating  regularly 
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at  intervals  of  42ms.  This  is  seen  especially  clearly  between  the  1200  ms  and  the 
1700  ms  marks.  The  pump  wave  was  switched  on  near  the  500  ms  mark  as  part  of  a  2 
s  on  2  s  off  cycling  process  of  long  duration.  Note  that  the  pump  remains  on  until 
2500  ms  but  the  power  in  the  enhanced  plasma  line  drops  to  zero  after  about  1700  ms 
in  spite  of  the  continued  presence  of  the  pump.  This  "overshoot"  phenomenon  will 
be  discussed  in  the  next  section. 

Although  this  extreme  type  of  behavior  is  seen  only  over  a  relatively  small  percentage 
of  the  time,  the  temporal  variation  of  the  power  in  the  enhanced  plasma  line  is  unlike 
that  of  random  noise  over  a  large  percentage  of  the  time.  Behavior  similar  to  that 
of  random  noise  would  be  expected  for  a  stationary  random  process. 

There  is  probably  a  close  relation  between  the  the  finite  bandwidth  of  the  0TSI 
spectra  of  Figure  1  and  the  temporal  behavior  of  the  enhanced  plasma  line  power,  especially 
when  it  is  realized  that  the  0TSI  is  generated  at  the  same  height  as  the  decay  line 
and  its  cascade  C 1 9 1  *  near  the  reflection  height  of  the  pump  [16],  Moreover,  a  strong 
positive  correlation  was  found  between  the  bandwidth  of  the  0TSI  and  the  pump  power 
[19].  This  suggests  that  the  variations  in  the  power  of  the  enhanced  plasma  line 
are  speeded  up  as  the  pump  power  is  increased.  Clearly  more  observations  and  further 
development  in  the  theory  are  needed  to  understand  the  physical  processes  involved 
in  the  generation  of  the  enhanced  plasma  line. 

Another  puzzling  aspect  of  the  problem,  not  mentioned  so  far,  is  the  complete  quanti¬ 
tative  disagreement  of  the  Arecibo  observations  [19])  with  numerical  simulations  of 
Langmuir  cavitons  at  Los  Alamos  [20],  in  spite  of  the  superficial  similarity  between 
their  sequence  of  bursts  of  Langmuir  oscillations  in  their  caviton  simulations  and 
the  pulses  shown  by  the  present  Figure  3. 


4.  THERMAL  PARAMETRIC  INSTABILITY 

This  instability  was  studied  extensively  by  the  ionospheric  rrodif ication  facility 
at  Platteville  [21]  by  aspect  sensitive  radar  backscatter  from  its  field-aligned  irregu¬ 
larities  [22]  and  by  forward  scatter  [23].  The  low  frequency  daughter  "waves"  cf 
this  instability  are  short  scale  (0.3  -  20  m)  field-aligned  irregulari ties  and  the 
high  frequency  waves  are  Langmuir  waves.  The  feedback  is  in  this  case  due  to  a  thermal, 
partial  pressure  force  which  dominates  over  the  ponderomot i ve  force.  The  condition 
for  this  dominance  [24]  is  that  the  length  of  the  irregularity  should  be  greater  than 
the  electron  mean  free  path.  This  condition  is  certainly  satisfied  in  the  F  region 
where  the  electron  mean  free  path  is  about  a  kilometer. 

Barry  [23]  demonstrated  the  limited  applicability  of  these  irregularities  to  communi¬ 
cation  by  establishing  a  temporary  scatter  communication  link  between  the  West  Coast 
in  California  and  the  East  coast  in  Texas,  by  means  of  artificially  produced  irregularities 
over  Platteville,  Colorado. 

The  generation  of  similar  short-scale  field-aligned  irregularities  over  the  modifi¬ 
cation  facilities  near  Gorki  [25],  Tromso  [26],  and  Arecibo  [27]  was  also  demonstrated. 

Theories  of  this  instability  were  formulated  [28]-[34]  some  years  after  the  first 
observations.  Essentially  all  these  theories  consider  a  modulational  instability 
which  differs  from  the  CTSI  in  that  the  nonlinear  force  responsible  for  the  feedback 
to  the  irregularity  is  not  ponderomotive  but  thermal  in  nature,  and  in  that  the  inhomo¬ 
geneous  nature  of  the  ionosphere  plays  a  more  important  role  [31],  [32].  In  fact 
the  inhomogeneous  nature  of  the  ionosphere  prevents  a  linear  instability  unless  the 
standing  wave  nature  of  the  pump  wave  is  taken  into  account  [31 1,  [32]  although  nonlinear 
theory  shows  that  growth  occurs  if  the  initial  density  perturbation  exceeds  a  critical 
amount  [29],  [30],  C 3 3 1 •  This  critical  amount  could  be  provided  by  the  mechanism 
of  [31],  C32]  or  by  the  mechanism  of  [28].  The  latter  was  the  first  theory  of  this 
instability;  it  used  the  Langmuir  waves  of  uhe  parametric  instability  acting  as  pump. 
Inhester  [34]  carried  this  instability  furthest  into  the  nonlinear  stage  in  his  simulations 
and  showed  how  the  irregularities  become  narrower  and  more  localized  in  a  direction 
perpendicular  to  the  geomagnetic  field  as  they  grow. 

It  should  be  noted  that  the  Langmuir  waves  of  this  instability  propagate,  at  least 
initially,  perpendicularly  to  the  geomagnetic  field.  These  Langmuir  waves  are  therefore 
excited  below  the  height  where  the  pump  frequency  equals  the  local  upper  hybrid  frequency, 
well  below  the  greater  height  where  the  pump  wave  is  reflected  and  the  pump  frequency 
equals  the  local  plasma  frequency. 

It  should  also  be  noted  that  the  Instability  is  excited  by  the  perpendicular  component 
of  the  pump  electric  field  at  a  height  slightly  below  where  the  pump  frequency  is 
equal  to  the  upper  hybrid  frequency.  That  component  strongly  depends  on  the  angle 
of  Inclination  and  has  a  much  smaller  amplitude  at  Arecibo  than  at  Tromso.  Observations 
(with  the  radars  at  Guadeloupe  [27],  Lycksele  [26]  and  White  Sands  [21],  [22])  confirm 
that  the  backscatter  from  short-scale  field  aligned  irregularities  is  very  much  weaker 
at  Arecibo  than  at  Tromso  or  Platteville. 

Short-scale  field-aligned  irregularities  are  believed  to  play  a  role  in  the  overshoot 
phenomenon  of  the  enhanced  plasma  line  [35]  whose  main  feature  is  a  drop  to  a  lower 
or  zero  level  in  the  power  in  the  enhanced  plasma  line  during  a  time  of  the  order 
of  a  second  after  having  reached  maximum  level  in  a  time  much  shorter  than  a  second 
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after  the  pump  is  switched  on.  An  example  of  the  overshoot  is  shown  by  Figure  3  with 
a  somewhat  better  temporal  resolution  than  in  the  observations  of  C 35  3 •  Graham  and 
Fejer  [36]  suggested  that  the  overshoot  is  caused  by  the  absorption  suffered  by  the 
pump  wave  near  the  height  where  its  frequency  is  close  to  the  upper  hybrid  frequency 
and  the  field  aligned  irregularities  scatter  the  pump  wave  into  Langmuir  waves.  Fejer 
and  Kopka  [373  demonstrated  the  absorption  of  the  reflected  pump  wave  of  the  Tromso 
heating  facility,  both  by  this  mechanism  and  by  the  excitation  of  the  parametric  decay 
instability;  however  Djuth  and  Gonzales  [38]  showed  that  at  Arecibo  such  absorption 
is  sometimes  too  small  to  be  observed  and  can  not  explain  the  observed  overshoot. 
Other  Arecibo  observations  [193  suggest  that  even  on  such  occasions  the  growth  of 
a  plasma  instability,  presumably  that  responsible  for  the  short-scale  field-aligned 
irregularities,  is  the  cause  of  the  overshoot. 

It  should  be  noted  that  both  the  thermal  parametric  instability  discussed  in  this 
section  and  the  two  striction  type  parametric  instabilities,  the  PDI  and  the  OTSI , 
discussed  in  the  last  section,  generate  Langmuir  waves  which  can  accelerate  electrons. 
Collisional  excitation  of  the  630  nn  and  557.7  nm  oxygen  lines  by  such  electrons  was 
observed  very  early  C 39  3  )  •  The  question  arises  whether  electron  acceleration  is  mainly 
due  to  the  Langmuir  waves  of  the  thermal  parametric  instability  or  of  the  striction 
parametric  instabilities.  Workers  in  the  USSR  favor  the  thermal  parametric  instability 
[403.  Fejer  and  Sulzer  [41]  observed  the  accelerated  electrons  by  observing  the  enhance¬ 
ment  in  the  natural  plasma  line  caused  by  them  at  night.  They  show  that  electron 
acceleration  is  strongest  before  the  growth  of  the  thermal  parametric  instability 
and  must  therefore  be  caused  by  the  Langmuir  waves  of  the  striction  parametric  instab¬ 
ility.  It  seems  likely  that  the  3triction  parametric  instabilities  play  a  larger 
role  in  electron  acceleration  at  lower  latitudes  than  the  thermal  parametric  instability 
but  the  latter  may  well  be  more  important  at  higher  latitudes  with  the  exception  of 
the  first  second  or  so  after  the  heating  transmissions  are  switched  on. 


5.  THERMAL  SELF-FOCUSING 

This  instability  was  one  of  the  first  physical  processes  discovered  when  the  Platteville 
facility  started  operation  [42].  Within  seconds  of  switching  on  the  modifying  HF 
transmissions  the  ionograms  showed  the  presence  of  spread-F  although  the  full  extent 
of  spread-F  took  some  minutes  to  develop.  The  irregularities  produced  by  the  instability 
were  also  investigated  by  the  observation  of  enhanced  scintillation  of  signals  observed 
from  satellite  transmitters  [433,  [44]  and  from  radio  stars  [453  —  [48] ) .  Another  method 
of  investigating  the  irregularities  is  the  observation  of  the  fading  of  the  power 
in  the  enhanced  plasma  line  on  time  scales  of  the  order  of  10  s  [493—C51 3  -  The  density 
variations  were  also  measured  directly  by  satellite  in  situ  probes  [513.  These  observa¬ 
tions  show  the  presence  of  artificial  ionospheric  irregularities  over  a  scale  length 
range  of  a  few  kilometers  to  tens  of  meters.  Figure  4  (Figure  4  of  [51])  shows  the 
density  perturbations  measured  by  the  satellite  and  also  illustrates  its  path  through 
the  estimated  heater  beam. 
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Figure  4.  Detrended  satellite  observations  of  density  fluctuations  in  the  heated  region. 

The  origin  is  the  point  along  the  orbital  path  which  is  due  north  of  Arecibo. 
The  data  gap  results  from  the  fact  that  the  satellite  operates  3  s  on 
3  s  off  in  this  mode. 


The  basic  idea  of  thermal  self-focusing  is  rather  simple.  Initial  small  plasma  density 
per turbations  cause  focusing  and  defocusing  of  the  heating  wave.  The  focusing  in 
the  density  depletions  causes  enhanced  heating  and  further  depletion,  allowing  the 
perturbations  to  grow.  The  theories  are  in  a  sense  simpler  when  the  heating  wave 
penetrates  the  ionosphere  [52];  even  the  nonlinear  development  of  sel f- focusing  has 
been  followed  for  that  case  by  a  numerical  simulation  [533.  The  case  of  self-focusing 
of  a  reflected  heating  wave  was  treated  in  [543-[563.  The  inhomogeneity  of  the  ionosphere 
plays  a  very  important  role  in  all  these  theories. 


Self-focusing  is  essentially  a  modulational  instability.  It  can  be  considered 
as  stimulated  scattering  of  the  pump  wave  by  the  irregularities  into  electromagnetic 
waves;  the  feedback  is  thermal  rather  than  ponderomotive  in  nature.  It  will  be  recalled 
that  the  instability  discussed  in  the  last  section  could  be  regarded  as  stimulated 
scattering  by  the  irregularities  into  Langmuir  waves  rather  than  electromagnetic  waves. 

The  self-focusing  of  an  obliquely  incident  pump  wave  was  considered  [57))and  it 
was  pointed  out  that  powerful  short  wave  stations  almost  certainly  excite  the  self-focus¬ 
ing  instability  and  therefore  must  be  a  source  of  ionospheric  irregularities. 

6.  CONCLUSIONS 

An  attempt  was  made  to  describe  the  different  ways  in  which  ionospheric  irregularities 
can  be  produced  by  powerful  radio  transmissions.  No  attempt  was  made  to  describe 
all  the  effects  produced  by  such  radio  transmissions.  One  important  omitted  topic 
was  the  generation  of  VLF ,  ELF  and  ULF  waves  by  modulating  the  auroral  electrojet 
currents.  Another  omitted  topic  was  that  of  ionospheric  cross-modulation.  The  most 
important  irregularities  from  the  point  of  view  of  this  Symposium  are  probably  the 
short  scale  field-aligned  irregularities  discussed  in  section  4  and  the  much  loneer 
scale  irregularities  produced  by  self-focusing  an U  discussed  in  section  5. 
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DISCUSSION 


K.  Rawer 

Question  of  clarification:  In  the  context  of  PDI  is  what  you  call  “ion- acoustic  wave"  an  acoustic  wave  (in  the  ion  gas) 
of  rather  high  frequency  which  would  then  not  be  followed  by  the  electrons  so  that  electric  fields  should  simultaneou>l\ 
occur  (this  type  is-unfortunately-often  called  “electrostatic  wave")  or  is  it  lower  frequency  acoustic  or  even  gravity 
waves? 

Author’s  Reply 

I  he  ion-acoustic  waves  of  the  PDI  are  of  the  same  type  as  those  responsible  for  incoherent  hackx  alter.  The  ions 
and  electrons  “move”  together  and  a  small  electric  field  assures  quasi- neutrality.  This  electric  field  does  increase  I  he 
propagation  velocity  of  the  wave  and  this  has  the  effect  of  reducing  Landau  damping  (fewer  ions  are  in  synchronism 
with  the  wave). 


R.Showen 

You  said  that  the  radial  electron  velocity  ran  be  measured  by  the  OTSI  plasma  line.  Have  any  geophysical  results  from 
Arecibo  or  EISCAT  appeared  which  use  the  OTSI  enhancement? 

Are  the  measured  electron  velocities  the  same  for  upshifted  and  downshifted  lines? 

Author’s  Reply 

There  have  not  been  enough  observations  for  a  detailed  geophysical  interpretation.  The  data  shown  have  not  been 
published  so  far,  but  earlier  data  of  poorer  quality  have  been  publisher!  in  J.A.T.P  ( Ftjrr  1 1  al .  l'Kr>i  1 he  method 
of  measuring  the  ion  drift  velocity  has  been  greatly  improved  since  that  time  (Sulzrr.  Lkmm. 

The  electron  velocities  have  not  been  measured  simultaneously  for  the  upshifted  and  downshifted  lines;  it  would  be 
very  surprising  if  they  were  different. 


G.Rostoker 

Over  what  height  range  can  you  use  line-of-sight  election  (I)  I  SI)  and  ion  velocities  to  infer  line  ot  Mght  •  urtenf  flow  ' 
Also,  is  there  any  concern  that  the  heater  will  perturb  the  region  in  which  you  infer  the  .  nrr-m  tb.w  making  it 
unrepresentative  of  the  surrounding  unperturbed  environment? 

Author’s  Reply 

The  measurement  of  the  line-of-sight  drift  velocity  of  electrons  is  made  for  the  height  where  the  heating  frequency  is 
close  to  the  local  plasma  frequency.  The  ion  velocity  is  measured  for  a  somewhat  greater  height  range. 

Varying  the  heating  power  was  found  to  have  no  influence  on  the  measured  drift  velocity  within  the  accura.  v  «*f  the 
observations. 

P.Vila 

Are  the  photoelectrons  which  arise  in  the  Shirp  experiment  ( Arecho)  natural,  or  produced  by  the  heating  transmitter? 

Author’s  Reply 

They  are  natural;  The  photoelectrons  in  the  Shtrp  experiments  are  only  in  the  daytime.  Their  energies  lie  in  the  10  .10 
eV  energy  range.  They  are  not  produced  by  the  heating  transmitter,  but  there  is  evidence  that  their  distribution 
function  is  modified  by  the  heating  transmitter  (Fejer  and  Subaer,  1987). 
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ABSTRACT 

During  the  last  few  years,  high  latitude  E-region  ionospheric  i rregul a r i t i es  have  been 
studied  extensively  with  ground  based  coherent  VHP  and  UHF  radar  systems.  Research  in  this 
field  has  been  influenced  greatly  by  the  work  done  in  the  equatorial  E-region  because  both 
phenomena  have  a  good  deal  of  common  ground.  The  basic  common  property  is  that  in  both  these 
regions  of  the  ionosphere  strong  horizontal  currents,  carried  by  ExB  drifting  electrons,  do 
exist  and  are  believed  to  constitute  the  main  source  of  energy  that  sustains  through  plasma 
instability  mechanisms  the  small  scale  electrostatic  turbulence  in  the  media.  Recent  auroral 
observations,  however,  which  include  new  echo  types  (i.e.  type  3  and  type  4  echoes )  ,  large 
magnetic  aspect  angle  effects,  short  lived  and  spatially  coherent  localized  scattering 
regions,  have  reenforced  the  conviction  that,  contrary  to  equatorial  electrojet,  there  is  a 
number  of  important  different  physical  processes  taking  place  in  the  auroral  plasma.  As  a 
result,  it  is  now  becoming  clear  that  equatorial  E-region  irregularity  theories,  which  have 
been  applied  directly  to  aurora  (i.e.  to  a  medium  that  undergoes  much  more  dymanic  variations 
subject  to  geomagnetic  substorms,  field  aligned  currents  and  very  intense  electrojet  systems) 
need  further  modification  to  account  for  these  high  latitude  backsca  t  ter  observations.  In 
this  paper,  we  review  recent  radar  studies  of  auroral  irregularities  at  different  frequency 
bands  in  the  VHP  and  UHP  range,  compare  their  findings  and  evaluate  their  physical  signifi¬ 
cance.  Emphasis  is  placed  on  Doppler  spectral  studies,  because  the  Doppler  spectrum 
signatures  and  properties  of  the  echoes  emerged  through  the  years  as  the  main  diagnostic 
tool  in  the  identification  and  study  of  the  instability  mechanisms  in  the  plasma. An  objective 
of  the  paper  is  also  to  update  some  remaining  ques tions/ probl ems  that  need  to  be  further 
studied  and  understood. 


1  .  _I_NTRppjJCJJ  ON 

The  most  pronounced  ionospheric  back  scatter  phenomena  occur  in  the  magnetic  eouatorial  and 
high  latitude  (auroral)  E-regions,  where  it  is  known  from  magnetometer  measurements  that 
strong  electrojets  are  present.  This  is  because  of  the  unique  properties  of  ionospheric  plasma 
at  E-layer's  maximum  near  1L5  km,  where  ion  motion  is  controlled  by  collisions  with  neutrals 
because  and  electrons  are  entirely  magnetized  because  fie»ve,  which  leads  to  strong 

Hall  currents  to  set  up  in  the  presence  of  an  appreciable  ambient  electric  field.  This 
..  icture  applies  in  both  the  eqautorial  and  auroral  E-regions,  although  the  field  geometry 
•'■agn  ■>  tude  and  dynamics  are  different.  At  oresent,  it  is  widely  accepted  that  the  electrojets 
play  an  active  rcle  as  energy  suppliers  '  n  generating  and  sustaining  the  electrostatic 
turbulence  • n  bnth  media.  It  is  this  electrostatic  turbulence  that  causes  coherent  scattering 
of  radio  waves  at  VHF  frequencies  or  higher. 

Sncr?  scale  » nhemogene 1 1 ie  .  m  electron  density  have  been  studied  extensively,  in  both  the 
ejuatorial  and  aurora'  plasmas.  It  is  fair  to  say,  however,  that  our  present  interpretation 
and  unders tana i ng  cf  radio  wave  scattering  phenomena  from  meter  scale  ionospheric  irregular¬ 
ities  has  been  based  on  the  first  radar  studies  of  equatorial  backscatter  at  the  Jcamarca 
Radio  Observatory  in  Peru  (Bowies  et  a  7 .  ,  196i;  1963  )  and  the  theoretical  work  of  Farley  (  1963) 
as  well  as  on  subsequent  important  contributions  originated  mainly  at  Cornell  University. 
Radio  auroral  research  has  benefited  a  lot  from  equatorial  progress,  a  fact  that  came  as  a 
natural  consequence.  On  the  other  hand,  direct  application  of  equatorial  knowledge  to  radar 
aurora,  which  is  a  much  more  complex  and  dynamic  phenomenon  of  direct  ma gne tospher i c  control, 
constitutes  in  many  ways  simplification  of  the  problem.  Therefore,  it  is  not  surprising 
that  there  is  now  an  increasing  list  of  observational  facts  in  radar  auror?  not  explained 
in  the  framework  of  equatorial  reasoning  which  is  founded  on  the  idea  of  strictly  two 
dimensional  turbulence. 

There  are  several  comprehensive  reviews  on  the  subject  of  ionospheric  i r regu 1  a r  i  t i es  which 
examine  several  aspects  of  the  radar  auroral  phenomenon  (fejer,  1979;  Fejer  and  Kelley,  193U; 
Hanuise,  1983;  Fejer,  1985;  Fejer  and  Providakes,  1987).  In  the  present  paper  we  review 
ma  i  n  I  y  recent  radar  results  related  to  E-region  auroral  i rregu 1  a r i t i es  with  spatial  scale 
sizes  less  than  3  meters,  i.e.  detectable  with  radar  frequencies  f^bu  MHz.  The  objective 
is  to  make  an  integrated  survey  of  recen  t  observations  and  comp a  re  them  to  existing  theore¬ 
tical  predictions.  We  make  an  effort  to  assess  the  current  situation  b  placing  the  emphasis 
on  observations  with  no  equatorial  counterpart  which  at  present  are  not  adequately  understood 
and  need  further  work  to  be  done  both,  experimental  and  theoretical. 


£. .  SOME  BASICS  ON  SCATTERING  FROM  AURORAL  I  RREGUL  AR  t  i  i  ES 

Figure  1  is  to  define,  in  a  general  conceptual  manner,  the  experimental  problem.  In  Figure  1, 
a  transmitted  signal  of  constant  amplitude  and  frequency  is  incident  upon  the  auroral  medium 
which  acts  as  "natural  modulator"  returning  to  the  receiver  a  complex  signal  that  is  both 
amplitude  and  angle  modulated.  In  principle,  the  amplitude  variations  reflect  changes  of  an 
effective  irregularity  scattering  cross  section,  whereas  changes  in  angle  are  due  to  line  of 
sight  irregularity  movements.  Of  courcet  in  treating  the  received  echoes  as  time  varying 


bandpass  signal  one  should  be  aware  of  important  limitations  due  to  spatial  effects  which 
may  cause  strong  interference  at  the  receiver.  Ultimately,  it  has  been  the  task  of  radio 
auroral  r  per imental i sts  in  the  last  30  years  of  active  research  to  improve  the  resolving 
power  ot  their  observing  systems  and  device  various  techniques  to  "demodulate"  the  back- 
scattered  waveform  and  extract  the  returned  information. 


V(M=Rocos[2"f0t  ♦  *Q]  RADIO  AURORAL  U (t)  =  Rlt)cos[2"fct  ♦ 

"modulator" 


Figure  1.  The  incident  wave  is  "modulated"  by  the  scattering  medium 

As  mentioned,  in  this  paper  we  are  concerned  with  radio  wave  scattering  at  frequencies 
higher  than  50  Mhz,  which  are  well  above  the  critical  frequencies  reflected  from  the  earth's 
ionosphere.  The  scattering  in  this  case  is  caused  by  field  aligned  electron  density  inhomo¬ 
geneities  generated  by  plasma  instability  mechanisms.  The  basic  physical  understanding 
originates  in  the  theory  of  scattering  from  a  diffused  ionized  medium  (e.g.  see  Farley, 1971  . 
In  this  theory,  for  a  plane  wave  incident  upon  a  scattering  volume  V,,  which  is  1  a rge  compared 
to  the  radio  wavelength  bu  *■  still  small  enough  to  ensure  statistical  uniformity,  there  is  a 
scattered  wave  whose  the  electric  field  is 

Es(tK^An(r,t)  exp(-j(kr-ks)- r)d3r  ,  (t) 

where  An(r*,t)  represents  the  electron  de5nsity  fluctuations  from  the  mean  ambient  value  n 
and  £r,  TTs  are  the  wavevectors  of  the  incident  radio  signal  and  received  scattered  wave/ 

Equation  (1)  shows  the  scattered  signal  to  depend  on  the  spatial  spectrum  of  electron  density 
fluctuations  evaluated  at  a  particular  Fourier  component  with  wavevector  Fr-ks,  which  for 
backscatter  in  a  literal  sense,  i.e.  for  a  monostatic  radar  with  l^r  =  -"Cs,  equafs  two  times 
the  radio  wavevector.  This  comes  as  a  result  of  constructive  interference  between  wavelets 
originating  at  various  phase  fronts  and  adding  coherently.  Therefore,  as  Farley  (1971)  points 
out,  the  radio  scattering  measurements  involve  a  spatial  Fourier  analysis  of  the  scattering 
volume  with  the  radar  being  sensitive  only  to  one  specific  spacing  of  several  pi ane  wavefronts 
imbedded  in  an  apparently  random  medium.  This  picture  is  illustrated  in  Figure  2 .  Notice  that 
the  sketched  geometry  is  for  the  more  general  case  of  a  bistatic  system,  for  which  the  ir¬ 
regularity  spacing  depends  also  on  the  scattering  angle  6  {e.i.  Air  -  A/zsine/2).  The  angle 
©  is  defined  as  e  =  arccos  ( lcr-  )  and  is  equal  to  180°  for  a  monostatic  radar. 


F i gure  2  Figure  3 

Figure  2.  The  raoar  is  sensitive  only  to  one  spacing  defined  by  the  radio  wavelength  and  the 
scattering  angle  (from  McNamara,  1971) 


Figure  3.  Typical  arrangement  of  a  radar  auroral  experiment  (Figure  was  provided  by  K.  Schlegel) 


The  plasma  irregularities  are  magnetic  field  aligned,  i.e.  have  their  phase  fronts  nearly 
parallel  to  "6.  This  is  because  in  directions  departing  from  perpendicularity,  the  plasma 
waves  cannot  be  easily  sustained  due  to  strong  Landau  damping.  This  magnetic  aspect  sensiti¬ 
vity  property  of  i r reg u 1  a r i t i es  imposes  certain  restrictions  on  the  experiment's  location 
and  design  in  general.  For  strong  and  frequent  auroral  echo  reception,  the  radio  system 
must  be  located  well  south  of  the  scattering  zone  in  order  for  themagnetic  perpend i cul a r i ty 
condition  to  be  met.  A  typical  monostatic  (i.e.  having  the  transmitter  and  receiver  both  at 
the  same  site)  auroral  radar  geometry  is  depicted  in  Figure  3.  In  the  present  report,  we  do 
not  review  the  radar  experiments  and  techn i ques  used  by  various  research  groups.  This  info¬ 
rmation  can  be  found  elsewhere  in  summarized  form  (Fejer  and  Kelley,  1980;  Hanuise,  1983)* 


3.  ELECTRQJET  plasma  instabilities 


Since  the  modern  era  i.i  the  study  of  electrojet  plasma  instabilities  that  started  with  the 
independent  works  of  Farley  (1963)  and  Bunemann  (1963),  there  is  a  large  number  of  papers 
on  both  linear  and  nonlinear  theories.  It  is  not  the  purpose  of  this  report  to  examine  all 
these  theories  and  the  interested  reader  should  contact  comprehensive  reviews  by  Fejer  and 
Kelley  (1980)  and  Farley  (1985).  In  this  section  we  consider  only  the  basic  material  which 
is  pertinent  to  the  completeness  of  the  present  paper. 


In  the  existing  linear  theories  of  the  elertrojet  instabilities  the  ambient  electric  field 
and  electron  density  gradient  are  the  primary  driving  terms  of  electrostatic  plasma  wave 
turbulence.  Both  terms  can  be  included  in  the  same  dispersion  relation,  representing  the 
two  stream  (Farley,  1963;  Bunemann,  1963)  and  Ex'S  gradient  drift  (cros  s  -  f  i  el  d  )  instabilities 
respectively,  but  their  significance  differs  depending  upon  the  irregularity  wavelength  bei.^ 
considered.  Following  Rogister  and  D'Angelo  (1970),  who  used  a  two-fluid  collisional  model 
for  the  electrojet  plasma  and  assumed  full  magnetization  for  electrons  and  collision  control 
for  ions,  one  can  obtain  the  following  expressions  for  the  oscillation  frequency  wk  and  the 
growth  rate  vk  of  electrostatic  plasma  waves 

vk=  kVdcosd/  ( 1+4>)  ( l ) 


Yk=  ip/  n+4>)f,.wk-k2C|)/v^  +  Oewk/vekL^ 


where  the  term  4/  is  defined  as 
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A  similar  dispersion  relation  which  in  addition  includes  recombination  effects  is  given  by 
Fejer  et  al .  (1975). 

In  the  above  equations,  ve,  v.  are  the  electron  and  ion  collision  frequencies  with  the 
neutrals,  a  ,  n .  are  the  gy rot requenc i es  ,  k  is  the  plasma  wavenumber,  C  = ( K( T  -T  . ) /m  •  r *  i s 
the  ion  acoustic  speed,  L  =  nn ( dn^/dx  )”4  is  the  electron  density  gradient  sea  1  e^Tejuj  th  along 
the  ambient  electric  field,  V.  uis  the  relative  electron-ion  drift  speed  ^.=V  -v - ,  which 
often  is  taken  equal  to  electron  Hall  drift  ExB/B2.  In  addition  to  these  termf,  {here  are 
two  directional  controls  built  into  linear  theory, one  represented  by  the  "flow  angle" 
v?  -  arccos(k*V  .)  and  the  other  by  the  magnetic  aspect  angle  (j  defined  as  the  angle  between 
the  propagation  vector^  and  th^  direction  perpendi cul ar  to  B.  It  turns  out  that  the  magnetic 
aspect  angle  control  is  indeed  quite  strong  because  the  driving  terms  must  take  unrealistic¬ 
ally  large  values  in  order  for  the  instability  to  set  up  and  be  maintained  at  angles  a  higher 
than  a  fraction  of  a  degree  (e.g.  see  Farley,  1963;  Wang  and  Tsunoda,  1975;  Schlegel  and 
St-Maurice,  1982;  Fejer  et  al.,  1984a).  This  is  equivalent  of  saying  that  the  resulting 

turbulence  is  two  dimensional  with  the  irregularity  propagation  restricted  in  the  plane  perpendicular 

to  the  earth's  magnetic  field. 

Although  the  fluid  approximation  leads  to  comprehensive,  closed  form  analytical  expressions, 
it  does  not  apply  for  short  wavelengths  down  to  ion  gyroradius  sizes  (i.e.~1  m  at  electrojet 
heights).  On  the  other  hand,  kinetic  theories  are  suitable  for  shorter  wavelenaths  down  to 
few  centimeters.  There  are  several  kinetic  theories  developed  for  E-region  electrojet  instabi¬ 
lities  (e.g.  Farley,  1963;  Lee  and  Kennel,  1973;Qssakow  et  al.,  1975;  Schlegel  and  St-Maurice, 

1 9 8 <1 ;  Schlegel,  1983)  which  arrive  in  comparable  results  with  fluid  theory,  even  at  scale 
sizes  as  short  as  1  m.  This  means  that  for  the  majority  of  radar  observations,  i.e.  at 
frequencies  less  tnan  1 5 U  MHz,  fluid  theory  is  adequate.  For  shorter  wavelengths,  however, 
one  has  to  take  into  consideration  corrections. 

In  the  absence  of  density  gradients  (i.e.  L-*«>)  the  equations  reduce  to  the  Farl  ey-Bunemann 

instability  which  requires  for  the  plasma  to  become  unstable  that  V.cosQ^C  ( 1-Hp) .  Th  i  s  mechanism 

can  account  for  direct  generation  of  short  scale  plasma  waves  insideaan  Qnltable  cone  where 
V.cosd^C  and  in  directions  close  to  perpendicular  to  B,  and  explain  some  properties  of 
type  1  echoes.  These  echoes  have  narrow  Doppler  spectra  with  mean  frequency  shifts  correspond¬ 
ing  to  wave  phase  velocities  at,  or  above,  the  ion  acoustic  speed  in  the  plasma(e.g.  see 
Cohen  and  Bowles,  1967  ;  Balsley  and  Ecklund,  1972  ;  Haldoupis  and  Sof ko ,  1  976  ;  Moorcroft  and 
Tsunoda,  1978,  amjng  others).  The  role  of  the  density  gradient  term  on  the  two  stream 
instability  has  been  examined  for  the  equator  by  Farley  and  Fejer  (1975)  and  for  aurora  by 
Fejer  et  al.  (1984a),  and  found  to  be  important  for  longer  wavelength  waves,  i.e.  with  \>2Gm. 

When  V.cosQ  <  C  (  1 +4^),  the  unified  two  stream  and  gradient  drift  theory  fails  to  account  even 
for  the°exc i ta t Ton  of  meter  scale  i rregul ari t i es  with  phase  velocities  less  than  C  .These  are 
known  to  be  associated  with  the  second  distinct  category  of  equatorial  and  auroral  echoes, 
named  type  2,  which  are  observed  at  large  flow  angles  in  directions  nearly  perpendicular  to 
the  electrojets.  The  difficulty  of  generating  type  2  irregularities  was  resolved  by  a  two 
step  mechanism  proposed  by  Sudan  et  al.  (1973),  in  which  wave  energy  cascades  from  longer 
wavelength  primary  waves  to  secondary  short  wa vel ength  ones  by  the  combined  action  of  electric 
fields  and  density  gradients  of  the  primary  waves.  In  essence,  Sudan  et  al  ,  (  1973  )  applied 
the  linearized  fluid  theory  for  indirect  generation  of  secondary  i rregul a r i t i es  by  taking 
simply  a  sinusoidal  va-iation  for  the  electron  density  gradients  of  long  wavelength  primaries 
and  replasing  in  Equation  (2)  by  ^  v 

Vds  =  -oT  t4a  5inw 


(5) 
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where  V.  is  the  relative  electron-ion  drift  velocity  caused  by  the  polarization  electric 
fields  set  up  within  the  primary  wave,  A  is  the  maximum  wave  amplitude  (i.e.  6n/nQ=  Asin<p) 
and  <p  is  the  phase  angle  in  the  frame  of  reference  of  the  wave. 

A  better  physical  insight  of  Equation  (5)  can  be  obtained  if  we  consider  the  local  polar¬ 

ization  fields  and  currents  associated  with  a  primary  wave,  as  discussed  by  Sato  (1973). 
figure  4  illustrates  these  quantities  within  a  primary  sinusoidal  wave  (two  stream  and/c r 
gradient  drift)  propagating  along  the  x-direction.  In  region  A  of  the  wave  crest  the 
conductivity  in  the  plasma  would  be  somewhat  higher  than  in  neighboring  region  B  of  electron 
density  trough.  This,  under  the  action  of  the  primary  E-field  will  cause  alternating  polari¬ 
zation  fields  to  set  up  (e.g.  Bostrom,  1973),  as  shown  in  Figure  4.  In  turn,  these  secondary 

fields  will  drive  Pedersen  currents  along  the  x-direction  and  stronger  Hall  currents  parallel 

and  antiparallel  to  the  primary  destabilizing  terms.  All  currents  will  be  stronger  in  region 
A  than  B,  due  to  higher  conductivity  but  the  normal  current  component  at  the  interface  between 
the  two  regions  must  be  continuous.  This  requires  that 

^HA  *  ^*PA  '  ^HB  *  ^PB  .  (6) 

where  primed  symbols  refer  to  polarization  field  currents.  By  taking  n.  ^  n  f  6n  and 
6n ,  we  arrive  in  the  following  expression  for  the  polarization  fielas 

Ep  =  ±E(oH/op) <6n/n0)  ^  '!) 

where  aH/op  is  the  local  Hall  to  Pedersen  conductivity  ratio.  Under  the  assumption  that 
Ex?  electron  drifts  prevail  in  the  region,  the  polarization  drifts  Vds  which  drives  the 
secondary  instabilities  are  expressed  by 

Vds=  ±Vd(°H/°p)  A$in<p  .  (8) 

The  last  equation  reduces  to  Equation  (6)  of  Sudan  et  al.  (1973)  after  substituting  for  the 
conductivity  ratio  oH/ap3  (vi )/n  +  <i/)  . 


Figure  4.  Secondary  fields  and  currents  within  a  primary  electron  density  wave  which  is  generated 
by  the  two  stream  /  gradient  drift  instabil ities. 

By  substituting  V  by  V.  and  l"1  by  k  Acos<p  in  equations  ( i )  and  (3),  one  obtains  the  cor¬ 
responding  equations  for  the  oscillation  frequency  and  growth  rate  of  secondary  waves 


vi  -dcosO 

-  k  -  - — - —  As  i nip 

sn  •  (i  +  vp) ? 


(9) 


1  +ip)  (  v  • 


where  subscripts  p  and  s  stand  for  primary  and  secondary,  respectively.  If  the  secondary 
polarization  fields  and  density  gradients  are  strong  enough,  their  strength  depending  on  the 
ambient  destabilizing  terms  and  the  primary  wavelength,  secondary  meter  scale  irregularities 
can  be  generated  in  the  crests  and  troughs  of  the  primary  wave  and  propagate  in  opposite  directions 


The  instability  conditions  coming  from  the  above  equations  have  been  exploited  with  success 
in  both  equatorial  (Farley  and  Balsley,  1973;  Fejer  et  al .  ,  1  975)  and  auroral  ( Greenwa 1 d ,1974; 
Tsunoda,  1975;  Moorcroft,  1979;  Nielsen  et  al.,  1984)  backscatter  studies  to  explain  the 
generation  and  some  characteristics  of  type  2  echoes.  On  the  other  hand,  this  theory  fails 
to  expldi.i  important  observations  such  as  the  generation  of  waves  with  phase  velocities 
close  to  zero  which  correspond  to  the  strongest  type  2  echoes.  Obviously,  the  above  theory 
is  only  qualitative  and  suggestive  and  cannot  account  for  the  isotropic  turbulence  as  type 
2  echo  observations  seem  to  suggest.  On  the  other  hand,  numerical  simulation  studies 
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(McDonald  et  al.,  1975;  Fercb  and  Sudan,  1977;  Keskinen  et  al.,  1979),  which  retained  the 
nonlinear  terms  in  the  equations,  seem  to  have  confirmed  the  two  step  cascade  process  from 
long  to  short  wavelength  density  fluctuations,  as  capable  in  producing  fairly  isotropic 
turbulence  at  meter  scale  lengths. 

Linearized  theories,  of  course,  can  provide  some  but  not  all  the  answers.  For  example,  they 
can  predict  the  irregularity  generation  and  what  the  growth  rates  and  phase  velocities  are 
only  at  initial  stages.  The  final  state  of  the  process  can  only  be  described  by  nonlinear 
mechanisms  that  determine  the  saturation  of  wave  amplitude  and  the  propagation  characteristics 
of  i rregul ari ties .  There  is  a  fair  number  of  nonlinear  theories  developed  mostly  for  the 
equator,  which  tried  to  account  for  observations  not  explained  by  linear  theory  (for  relevant 
references  see  Fejer  and  Kelley,  1980). 

Recently,  there  were  important  theoretical  developments  on  the  subject  of  electrojet  turbulence 
put  forward  in  the  form  of  "unified  nonlinear  theories"  by  Sudan  (1983),  Robinson  (1986)  and 
St-Maurice  (1987).  In  all  these  theories,  the  nonlinear  interaction  of  el ec t ros ta t i c  waves 
with  the  ambient  plasma  is  recognized  as  an  important  process  in  understanding  the  physics 
of  electrojet  i rregul a ri t i es .  In  Sudan's  work,  a  theory  of  strong  turbulence  is  applied  which 
predicts  the  irregularity  spatial  spectrum  and  explains  several  characteristics  of  type  i 
echoes.  Also,  by  exploiting  the  concept  of  "orbit  diffusion",  introduced  first  by  Dupree  1968, 
Sudan  developed  a  model  which  explained  the  stabilization  of  Fa r 1 ey-Bunemann  instability 
spectrum  and  the  long  standing  problem  of  constant  phase  velocity  of  type  1  echoes. This  results 
from  enhanced  diffusion  due  to  an  anomalous  increase  of  effective  electron  col  1  i  s i on  frequency , 
caused  by  the  wave  electric  fields  which  interact  with  the  electrons  and  purturb  their  orbit 
in  a  random  manner.  For  a  critical  review  of  Sudan's  theory,  see  Farley  (1985). 

Robinson  (1986)  extended  the  wave-enhanced  diffusion  ideas  to  electron  wave  heating  phenomena 
in  the  auroral  plasma,  and  found  the  phase  speeds  of  Farl ey-Bunemann  waves  as  a  function  of 
electron  drift  velocity.  More  recently,  St-Maurice  (1987)  presented  a  unified  view  of  the 
work  that  has  been  done  to  date  on  the  subject  of  anomalous  resistivity  and  wave  heating  in 
the  unstable  electrojet  region,  and  presented  several  improvements .  At  present,  researchers 
in  the  field  are  in  the  process  of  assessing  the  implications  of  these  theoretical  ideas  to 
use  them  in  the  interpretation  of  observe t i ons .  We  shall  refer  to  these  theories  again,  later  on. 


4.  OBSERVATIONS  OF  TYPE  1  AND  TYPE  2  IRREGULARITIES 

The  terms  type  1  and  type  <.  were  originally  used  in  equatorial  E-region  studies  to  identify 
two  distinct  irregularity  types  defined  by  the  radar  observing  geometry  and  their  Doppler 
spectrum  signatures.  The  last  few  years,  the  same  terms  we-e  also  applied  in  auroral  back- 
scatter  studies  with  the  same  meaning  as  in  the  equator.  In  both  cases,  type  1  and  2  echoes 
are  believed  to  be  associated  to  primary  and  secondary  plasma  density  waves,  respec t i vel y , 
generated  by  the  plasma  instability  mechanisms  described  in  the  previous  section.  In  the 
following  we  review  prominent  auroral  observations  related  to  these  irregularity  types  and 
compare  them  to  theory. 

4.1  Doppler  spectrum  signatures 

Compared  to  equator,  there  is  a  great  deal  more  complexity  and  variability  in  auroral  Doppler 
spectra  which  reflects  simply  the  dynamic  nature  of  high  latitude  phenomena.  The  two  prominent 
categories  of  spectra  (type  1  and  2)  in  radar  aurora, are  sketched  in  Figure  5.  The  dashed 
line  spectra  indicate  that  they  can  be  observed  with  either  positive  or  negative  Doppler  shift 
polarity.  Often  as  a  result  of  temporal  and  spatial  averaging,  a  fair  percentage  of  the 
spectra  can  be  a  mixture  of  the  two  elementary  types.  Notice  that  type  1  are  narrow  with 
peaks  at  a  preferred  frequency  shift  band  near  the  ion  acoustic  speed,  whereas  type  i  are 
peaked  at  sub-ion  acoustic  speeds  and  are  much  broader  suggesting  the  existence  of  strong 
plasma  turbulence.  These  spectral  types  have  been  reported  by  a  number  of  researchers  over  a 
wide  range  of  frequencies,  i.e.  in  the  5U  MHz  band  (Balsley  and  Ecklund,  1972,  Greenwald  and 
Ecklund,  1975;  Haldoupis  and  Sofko,  1976;  1978a;  Reed,  1980;  Providakes,  1985),  in  the  15u  MHz 
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Figure  5.  Drawings  of  typical  power  spectral 
signatures  of  type  1  and  type  Z 
radio  auroral  echoes. 
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(Nielsen  et  al . ,  1984;  Haldoupis 
(Abel  and  Newell,  1969;  Tsunoda, 
these  two  spectral  type  observed 


et  al.,  1984;  Schlegel  et  al.,  1986),  and  in  the  UHF  band 
1976’,  Moorcroft  and  Tsunoda,  1978).  Typical  examples  of 
at  50,  150  and  400  MHz  are  shown  in  the  following  Figure  6. 


Phose  Velocity  (m/s) 


Figure  6.  Typical  examples  of  type  1  and  type  Doopler  spectra  observed  at  different 
irregularity  wavelengths  (or  radar  frequencies).  50  MHz  :from  Reed  (198C), 
140  MHz:  Haldoupis  et  al .  (1984),  4C0  MHz  :  Moorcroft  and  Tsunoda  (1978). 


In  general,  the  spectrum  observations  confirmed  that  plasma  instability  mechanisms  which 
operate  at  the  equatorial  E-region  are  also  present  in  the  auroral  electrojet  as  well.  A 
direct  verification  was  provided  by  the  recent  results  of  Nielsen  et  al .  (1984)  and  Haldoupis 
et  al . (1984)  obtained  with  STARE,  a  twin  radar  system  which  allowed  concurrent  observation 
of  the  same  electrojet  volume  at  small  and  large  flow  angles.  Although  the  spectral  resolution 
was  poor,  the  STARE  results  proved  the  simultaneous  existence  of  both  irregularity  types 
(primary  and  secondary)  in  the  same  volume  and  verified  the  pronounced  azimuthal  anisotropy 
of  Doppler  spectrum  properties. 

Besides  the  spectral  observations ,  there  is  also  a  number  of  other  observations  that  favor 
the  two  stream  and  gradient  drift  instability  mechanisms.  These  include:  1  )The  observation  of 
a  threshold  electric  field  corresponding  to  an  electron  drift  near  the  ion  acoustic  speed  in 
the  plasma  (Tsunoda  and  Presnell,  1976;  Moorcroft,  1979;  Cahill  et  al.,  1978).  i')The  close 
association  of  backscatter  properties  to  the  electrojet  strength  and  location  (Greenwald  et 
al.,  1975;  Siren  et  al.,  1977;  Haldoupis  et  al.,  198iO.  3)Some  positive  evidence  on  the 
destabilizing  role  of  horizontal  electron  density  gradients,  obtained  in  situ  from  rocket 
measurements  (Pfaff  et  al.,  1984),  ground  based  5G  MHz  interferometric  and  all  sky  measure¬ 
ments  (Providakes  et  al.,  1985),  and  STARE  spectral  measurements  (Haldoupis  et  al  .  ,  1  985a). 
The  density  gradient  role,  however,  has  not  yet  been  fully  investigated. 

4 .2  Electron  drift  velocity  and  irregularity  phase  velocity 

The  radar  estimates  the  phase  velocity  (or  angular  frequency)  of  plasma  waves.  For  type  1 
echoes,  linear  theory  predicts  that  phase  velocity  follows  closely  variations  in  electron-ion 
drift  velocity  which,  to  a  first  approximation,  equals  the  electron  drift  velocity  V(J=ExB/Be 
in  the  electrojet.  This  theoretical  prediction  and  preliminary  experimental  evidencealed 
several  people  to  adopt  that  auroral  radars  could  be  used  to  deduce  E-region  drifts  and, 
consequent  1 y ,  estimate  electric  fields  quite  accurately.  This  assumption  seemed  to  work  well 
for  STARE  (Greenwald  et  al.,  1978)  which  has  been  used  to  estimate  high  latitude  electric 
fields  on  a  routine  basis. 

On  the  other  hand,  equatorial  evidence  on  the  invariability  of  type  1  echo  phase  velocity 
with  elevation  angle  and  its  limitation  to  values  equal  the  ion  acoustic  speed  and  several 
auroral  Doppler  results  (e.g.  Moorcroft  and  Tsunoda,  1978;  Haldoupis  and  Sofko,  1978) , suggest¬ 
ed  the  so  called  cosine  law  relationship  between  phase  velocity  and  electron  drift  velocity 
may  not  be  valid.  The  first  direct  evidence  in  favor  of  this  suggestion  came  from  comparisons 
of  STARE  and  EISCAT  measurements.  Nielsen  and  Schlegel  (1985),  examined  simultaneous  observ¬ 
ations  of  wave  phase  velocities  (STARE)  and  electron  drift  velocities  (EISCAT)  on  a  common 
flux  tube  in  the  E  and  F-regions.  Their  findings  are  summarized  in  Figure  7.  From  these 
results  it  has  been  confirmed  that  phase  velocities  of  meter  scale  type  1  irregularities  are 
limited  to  a  value  near  the  ion  acoustic  speed,  in  line  with  equatorial  observations.  The 
authors  explained  the  variability  of  type  1  phase  velocities  as  being  due  to  alterations  in 
ion  acoustic  speed  caused  by  wave  heating  of  electron  gas. 
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Figure  7.  Experimental  results  (adapted  from  Nielsen  and  Schiegel,  1985)  and  theoretical 
predictions  (adapted  from  Robinson,  1986)  on  the  dependence  of  irregularity 
phase  velocity  on  electron  drift  velocity. 


A  possible  interpretation  seem*  to  come  from  Sudan's  (1983)  theory.  In  this  theory,  the  non¬ 
linear  dispersion  relation  results  by  substituting  v  by  v  +  v*  in  the  linearized  equations 
(2)  and  (3).  v*  here,  represents  an  anomalous  electron  collision  frequency  due  to  momentum 
transfer  between  electrons  and  the  plasma  waves.  The  theory  predicts  that  type  1  waves 
stabilized  in  this  way  will  have  phase  velocities  equal  to  the  ion  acoustic  speed,  i.e. 
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where  cj/*=  Notice  that  v*  is  anisotropic  in  the  plane  perpendi cu  1  a r  to  B,  depending 

on  the  wa veeampl T tudes  6E  which  maSimaze  along  v,  and  drop  to  zero  at  an  angle  a  defined  as 
a  =  arccos(C  (1+M/Vj).  In  this  way  all  type  1  waves  inside  the  unstable  cone  would  propa¬ 
gate  at  the  ion  acoustic  speed,  as  it  is  observed. 


Robinson  (1986),  extended  Sudan's  theory  to  include  anomalous  wave  heating  effects  due  to 
el ec tron-pl asmon  (i.e.  plasma  wave)  collisions,  which  would  dominate  over  electron-neutral 
collisions  when  Fa r 1 ey-Bunemann  waves  are  strongly  excited.  Robinson  solved  numerically  the 
equations  to  find  that  C  increases  monotonically  with  V.,  this  dependence  being  stronger 
at  heigher  than  lower  altitudes.  The  altitude  va r i at i onsa re  due  to  changes  with  height  of 
ambient  plasma  parameters.  In  Figure  7,  we  took  the  liberty  to  superimpose  Robinson's 
theoretical  curves  on  the  observations  of  Nielsen  and  Schiegel  (1985)  for  comparison  purposes. 
Obviously,  there  is  an  excellent  agreement  if  we  assume  that  scattering  comes,  or.  the  average, 
from  heights  near  104  to  1 U 5  km. 


To  get  a  feeling  on  the  magnitude  of  v*  let  us  consider  the  results  shown  in  Figure  7  and 
apply  Equation  (11).  If  we  take  V.=  1 0 u 0  m/s  (i.e.  E  *  50  mV/m),  we  find  from  the  best  fit 
curve  of  Nielsen  and  Schiegel  (1985)  that  C  =  410  m/s.  Next,  if  we  assume  that  scattering 
comes  on  the  average  from  104  km  (T  -  T.=  2T2  K  and  v,=2.3x1U3  s’1)  an  electron  temperature 
T  =  410  K  is  inferred  from  the  above  vllue  of  C  and  Consequently,  an  electron-neutral 
collision  frequency  v  =  4.6x104  s’1.  To  compute  v  we  used  the  equations  given  by  Schunk 
and  Nagy  (1978)  and  the  CIRA  .1972  model  atmosphere.  Finally,  after  substituting  to  Equation 
(11)  we  oet  v*  =  2Sv  =  1.2x10°  s**1.  If  we  use  the  height  of  112  km  (T  -  T.=  c60  K,v,^ 
u.7x10*  s')  we  Obtain  for  the  same  Cs  a  value  for  ve  =  1.1x104  s’1,  and  finally  v*  =  280\>e  =  0.9x106  $  . 

Indirect  evidence  on  the  magnitude  of  v*  has  been  provided  by  Primdahl  and  Bansen,  (1985) 
and  Primdhal  (1986),  who  were  able  to  explain  in  situ  measurements  of  electrostatic  wave 
potential  fluctuations  by  using  Sudan's  theory  and  taking  values  for  v*  in  the  range  between 
0.8  to  2.5x10°  s"1.  Recently,  Igarashi  and  Schiegel  (1987),  who  measured  with  EISCAT  consider¬ 
able  electron  temperature  enhancements  in  auroral  E  region,  found  an  excellent  agreement 
with  theoretical  estimates  of  electron  gas  heatinq  by  assuming  an  average  density  perturbation 
of  3.5  %  (heatinq  theory  of  St-Maurice  et  al,  1931),  or  an  anomalous  electron  collision 
frequency  v*  of  i.C  to  2.0  x!0°  s’1  (theory  of  Robinson,  1986).  The  quoted  values  for  v*  are 
all  in  the  range  from  a  few  percent  to  25  %  of  the  electron  gy rof requency  (n  =1Q7  s’1). 

Can  v*  take  such  large  values  without  violating  the  basic  assumption  that  electrons  are 
strongly  magnetized?  This  question  has  been  addressed  recently  by  St-Maurice  (1987)  who 
estimated  the  upper  limit  for  v*  to  be  less  than  about  10  %,  by  using  known  estimates  of 
full  turbulence  limits.  He  concluded  that,  if  this  is  indeed  true,  then  v*  may  in  fact  be 
overestimated  by  a  Sudan-type  theory.  ' 


4.3  Echo  Occurrence  at  Large  Magnetic  Aspect  Angles 


One  of  the  most  important  d i screpanc i es  in  the  nature  of  equatorial  and  auroral  backscatter 
is  related  to  the  magnetic  aspect  propertiesof  i rregul a r i t i es .  Contrary  to  equatorial  case, 
radio  auroral  type  1  and  2  echoes  do  exist,  although  weaker,  at  magnetic  aspect  angles 


much  higher  than  one  degree  allowed  by  theory.  There  have  been  many  radar  auroral  experiments, 
which  have  observed  routinely  strong  radio  auroral  echoes  coming  from  aspect  angles  in  the 
range  between  l°to  more  than  15°(e.g.  Leadabrand  et  al  .  ,  1965;  McDiarmid  and  McNamara,  1  967  ; 
McNamara,  1971;  Hofstee  and  Forsyth,  1972  ;  Ecklund  et  al  .  ,  1  975  ;  Mitchel  and  Brown,  1  976  ; 
Sofko  et  al.,  1983;  Koehler  et  al . ,  1985;  Providakes,  1985;  Haldoupis  et  al . ,  1986). 
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Figure  8.  Simultaneous  sequential  Doppler  spectra  from  two  different  azimuths  show  that  type  1 
and  type  2  echoes  are  observed  at  quite  large  magnetic  aspect  angles  (  5rand  12"). 


Recently,  Haldoupis  et  al.  (1987)  analyzed  a  large  data  base  compiled  from  several  experiments 
carried  outin  Central  Canada  by  the  University  of  Saskatchewan.  The  measurements  were  made  with 
high  resolution  CW  Doppler  systems  at  1U  different  aspect  angles  ranging  between  1nand  14c. 

The  evidence  suggested  that  3  meter  primary  and  secondary  plasma  waves  with  k„ /kx wa venumbe«" 
ratios  perhaps  larger  than  0.25  do  exist  in  theauroral  plasma  on  a  continuous  basis.  Figure  8 
shows  several  examples  of  both  type  1  and  type  2  echoes  observed  simultaneously  from  two 
different  azimuths  at  fairly  large  aspect  angles,  5°and  12°.  The  aspect  sensitivity  statistics 
of  type  1  and  2  echoes,  presented  by  Haldoupis  et  al  .  (  1987),  are  summarized  in  Figure  9. 
Notice, the  basic  spectral  properties  of  50  MHz  echoes  follow  only  minor  changes  with  aspect 
angle  in  the  1°to  15°range.  On  the  other  hand,  Ogawa  et  al .  (1980)  reported  a  significant 
decrease  of  type  1  phase  velocity  with  aspect  angle  in  the  1°to  Strange  for  50  MHz  backscatter. 
This  result  however,  was  based  on  limited  data  and  it  is  not  clear  if  they  dealt  with  type  1 
i rregul a ri t i es  only. 

The  linearized  theories  of  both  primary  and  secondary  electrojet  instabilities  fail  to  explain 
the  generation  of  i rregul ari ties  at  aspect  angles  higher  than  a  degree  or  so.  A  mechanism 
which  could  extend  electrostatic  turbulence  at  higher  aspect  angles  is  some  kind  of  anomalous 
resistivity  that  introduces  electron  collision  frequency  enhancements  in  the  dispersion 
relation.  The  destabilizing  role  of  electron  collisions  is  well  recognized  in  current  driven  instabilities 
(e.g.  D'Angelo,  1973).  Such  a  mechanism  was  proposed  by  V olocevich  and  Liperovskiy  (1975).  Haldoupis  et  al . 
(1986)  have  shown  that  one  needs  very  large  collision  frequencies  of  the  order  5  to  15  %  of 
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Figure  9.  Type  1  and  type  2  spectral  statistics  for  different  magnetic  aspect  angles  at  50  MHz. 
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the  electron  gyrof requency ,  to  explein  scattering  at  large  aspect  angles.  There  seems  to  be 
no  theory  to  justify  such  large  electron  collision  frequencies.  A  Sudan-type  theory,  discussed 
in  the  previous  section,  is  applicable  only  for  kB«  0.  Therefore,  the  concept  of  anomalous 
ve  enhancements  may  be  suitable  for  explaining  effects  at  small  aspect  angles,  as  it  has  been 
demonstrated  recently  by  Nielsen  (1987)  for  140  MHz  data,  but  is  inadequate  for  backscatter 
at  aspect  angles  larger  than  a  couple  of  degrees.  At  present,  we  have  not  yet  a  convincing 
theoretical  Interpretation  of  auroral  backscatter  properties  at  large  magnetic  aspect  angles. 

4,4  Irregularity  Scattering  Cross  Sections 

In  the  radar  equation  (e.g.  see  Moorcroft,  1387a),  the  received  signal  strength  isdlrectly 
proportional  to  the  scattering  cross  section  (SCS)  of  the  irregularities.  The  latter  is  a 
measure  of  absolute  mean  level  of  electron  density  fluctuations  along  the  radar  line  of 
sight  and  only  at  the  specific  spacing  which  equals  half  the  radar  wavelength,  i.e. 

O|(od<|bn(2kr)|2>  (12) 

where  k  is  the  radar  vector  wavenumber  and  An(2kr)2  is  the  mean  spatial  Fourier  component, 
at  the  specific  wavelength  7r/k_,  of  electron  density  fluctuations  in  the  scattering  volume. 

In  principle,  one  can  measure  the  absolute  radar  scattering  cross  section  and  derive  informa¬ 
tion  about  the  rms  level  of  fluctuations  in  the  medium.  In  practice,  however,  the  difficulty 
in  determining  the  various  quantities  entering  the  radar  equation  makes  measuring  o.  a  very 
tricky  problem.  On  the  other  hand,  the  relative  scattering  cross  section  can  easilyKbe  estim¬ 
ated  if  one  adopts  some  reasonable  normalization. 

Accumulated  experimental  evidence  shows  that  o.  depends  upon  a  number  of  parameters  such  as 
electron  drift  Vu,  ambient  electron  density,  flow  angle  8  and  magnetic  aspect  angle  a.  In 
other  words,  becomes  a  complicared  function,  =  f(Vx,  Oq,  8,  a),  whose  form  is  not  known. 
At  present,  the  existing  observations  provide  only  simple  empirical  relationships,  whereas  a 
unified  theoretical  treatment  of  the  subject  is  far  from  complete. 

Magnetic  aspect  angle.  The  dependence  of  o.  on  a  is  a  well  known  phenomenon  since  the 
beginning  of  radio  auroral  research.  The  decrease  of  backscatter  intensity  with  magnetic 
aspect  angle,  known  as  aspect  sensitivity  (AS),  is  expressed  in  dB/degree.  The  overall  picture 
on  AS  remains  unclear  and  somewhat  contradictory ,  because  various  experiments  yielded  widely 
different  results.  From  the  existing  publications,  one  may  in  general  conclude  that  echoes  at 
50  MHz  are  less  aspect  sensitive  than  those  at  150  or  4C0  MHz.  At  50  MHz  the  echo  intensity 
drops  with  an  average  rate  of  1  to  3  db/deg  while  at  higher  frequencies  the  rate  is  near 
10  dB/deg  (e.g.  Leadabrand,  1965;  Chesnut,  1968;  McDiarmid,  1972;  Ecklund  et  al.,  1975; 
Koehler  et  al.,  1985;  Haldoupis  et  al.,  1986).  Apparently,  this  difference  emmanates  from  the 
fact  that  longer  scale  electrostatic  turbulence  is  more  easily  generated  com, : red  to  shorter 
scale  one.  In  order  to  explain  the  aspect  sensitivity,  Moorcroft  (1985)  introduced  a  scat¬ 
tering  model  consisting  of  an  assembly  of  wavelike  irregularities,  each  with  a  gaussoidal 
envelope,  that  added  up  having  an  effective  scattering  coefficient  as  a  function  of  aspect 
angle.  Although  Moorcroft  had  taken  into  consideration  all  possible  contributions  to  aspect 
sensitivity  (e.g.  magnetic  field  line  distortion  and  ionospheric  refraction),  he  concluded, 
the  experimental  observations  required  scattering  models  consisting  of  i r regu 1  a r i ti es 
elongated  along  the  magnetic  field  by  only  a  few  plasma  wavelengths  which  is  physically 
unreasonabl e . 

Flow  angle  and  drift  velocity  effects.  Naturally,  the  well  known  azimuthal  Doppler  spectrum 
anisotropy,  caused  by  the  presence  of  two  distinct  irregularity  types  that  dominate  entirely 
different  sectors  in  the  observing  plane  relative  to  the  destabilizing  drift,  is  expected  to 
apply  on  irregularity  SCS  as  well.  The  first  systematic  study  of  auroral  SCS  in  the  azimuthal 
plane  was  carried  out  by  Andre  (1983)  at  140  MHz  with  the  STARE  dual  radars.  Andre's  results 
confirmed  an  anisotropy  in  the  signal  strength  with  flow  angle,  with  a  density  fluctuation 
minimum  at  8290®  and  an  increase  towards  8*0°over  the  drift  velocity  range  up  to  1000  m/s. 

Haldoupis  and  Nielsen  (1984)  studied  the  relative  SCS  angular  dependence  of  14C  MHz  back¬ 
scatter  using  Doppler  spectra  to  identify  the  irregularity  types.  In  their  results,  type  1 
primary  irregularities,  have  highly  anisotropic  SCS  as  compared  to  secondary  1  m  waves.  The 
strength  of  primaries  is  strongly  dependent  on  flow  angle  with  the  intensity  decreasing  from 
0.3  to  0.6  dB/deg  as  8  increases;  on  the  other  hand,  the  strength  of  secondaries  is  rather 
weak  and  insensitive  to  angular  variations,  in  line  with  the  concept  of  isotropic  turbulence. 
These  findings  agree  with  similar  results  reported  by  Ierkic  et  al.  (1981)  for  50  MHz  equa¬ 
torial  backscatter.  Recently,  Matin  and  Jones  (1987)  reported  a  detailed  study  on  flow  angle 
dependence  of  1  meter  irregularities  based  on  dual  radar  SABRE  measurements,  which  show  that 
the  problem  is  more  complex.  They  found  that,  although  for  small  drift  velocities  there  is 
isotropic  behaviour,  at  higher  drifts  there  are  anisotropies  developing  in  the  observing 
plane  which  are  not  symmetric  showing  unexpected  subsidiary  minima  at  directions  along  t*e 
drift,  i.e.  at  directions  where  one  would  have  expected  the  signal  to  maximize. 

As  pointed  out  by  Fejer  and  Providakes  (1977),  Sudan's  (1983)  theory  predicts  for  type  1 
waves  at  electrojet  altitudes  with  k^  0,  that 

°k<<{!vq  cosS  “  cs)  /  cs  | 2  M3) 

Notice,  that  according  to  the  theory  Cs  is  also  depending  on  V^cosS  due  to  anomalous 
electron  gas  heating  as  It  has  been  discussed  in  section  4.2.  Equation  (13)  implies  that 
wave  saturation  amplitudes  follow  a  nonlinear  increase  with  radial  drifts  V  =  V  .  cos8,  in 
general  agreement  with  the  observed  flow  angle  anisotropy.  The  only  semi -quant i tat i ve 
experimental  study  on  the  dependence  of  relative  SCS  on  cosd  has  been  reported  by  Haldoupis 


et  al.  ( 1 984 )  for  1  meter  waves  with  k„*0,  using  STARE  spectral  data.  In  the  analysis,  they 
used  a  large  data  base  from  different  events  and  assumed  the  effect  on  a.  from  other  parameters 
to  average  out  to  a  large  extend.  In  addition,  they  have  dealt  with  electric  fields  less  than 
40  mV/m  (i.e.  electron  drifts  less  than  80U  m/s)  which  are  believed  to  be  estimated  accurately 
with  STARE  (Nielsen  and  Schlegel,  1983;  1985).  From  Figure  10a  ,  showing  the  results  of 
Haldoupis  et  al .  (1984),  it  is  seen  that  on  the  averaqe  o<*  ( V.cosd) -To  compare  with  theory, 
we  plot  in  the  same  figure  the  result  of  Equation  (13)  using  some  appropriate  arbitrary 
normalization.  The  comparison  shows  rather  poor  agreement  for  radial  velocities  below  500  m/s 
i.e.  in  the  range  where  most  of  type  1  echoes  are  observed. 
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Figure  1u.  Relative  scattering  cross  section  dependence  on  drift  velocity  for  type  1  (Fig.  10a) 
and  type  2  (Fig.  10b)  140  MHz  echoes.  The  dashed  lines  were  based  on  theoretical 
predictions  (Sudan,  1983)  using  arbitrary  normalizations. 


For  secondary  irregularities,  the  turbulence  theory  of  Sudan  (198  )  shows  the  saturation 


amplitudes  to  depend  on  both  ambient  destabilizing  terms 
shown  by  Farley  (1985), 


Vd  and  L  in  the  following  way. 


(14) 


The  STARE  data  study,  seen  in  Figure  10b,  show  ort  the  average  that  a<*V  f-  ,  a  result  that  is 
in  good  agreement  with  a  similar  dependence  found  at  50  MHz  for  the  equator  type  2  echoes 
(Balsley,  1969;  Farley  and  Balsley,  1973)  and  with  numerical  simulation  results  (Keskinen  et 
al.,  1979).  The  agreement  between  theory  and  the  STARE  observations  is  not  as  satisfactory, 
as  shown  in  Figure  10b  where  we  superimposed  the  result  of  equation  (14)  assuming  L  **  const. 
For  a  detailed  discussion  on  this  point  see  Farley  (1985).  As  mentioned  o.  depends  on  a 
number  of  parameters,  therefore  the  above  comparisons  are  only  i nd  i  ca t  i  veKand  should  not  be 
taken  as  conclusive. 

Ambient  electron  density.  We  have  just  seen  that  a  strong  dependence  of  o.  on  V.,  or  the 
ambient  E  field,  does  exist.  On  the  other  hand,  there  is  a  number  of  studies  both  at  50  MHz 
(Greenwald  et  al.,  1975;  Siren  et  al.,  1977)  and  140  MHz  (Haldoupis  et  al . ,  1982;  Uspenskiy 
et  al.,  1983;  Starkov  et  al.,  1983)  suggesting  that  o«cnS.  Apparently,  The  backscatter  strength 
under  some  s i rcums tances  is  governed  by  the  ambient  E  field  and  under  some  si rcumstances  by 
the  ambient  electron  density.  The  n&  control  seem  to  be  dominant  at  drift  velocities  well 
above  the  required  threshold  for  type  1  waves.  The  reason  for  o.  to  be  at  times  proportional 
to  n£  and  the  competing  roles  of  nQ  and  E  field,  are  not  clear.  It  is  interesting  to  point 
out  that  the  existing  theories  do  not  include  the  ambient  electron  density  in  the  calculations 
of  wave  saturation  amplitudes.  Certainly,  the  role  of  nQ  in  the  backscatter  process  is  not 
well  understood. 

Absolute  scattering  cross  sections.  Oksman  et  al .  (1986),  were  the  first  to  attempt  some 
specific  calculations  of  absolute  SCS  of  radar  aurora,  utilizing  data  from  several  radars, 
to  calculate  mean  fractional  electron  density  fluctuation  amplitudes.  Recently,  Moorcroft 
( 1987a )  conducted  a  thorough  study  on  absolute  SCS  by  exploiting  pubished  material  on  cali¬ 
brated  backscatter  measurements  to  estimate  absolute  scattering  coefficients  per  unit  volume 
in  over  a  range  of  frequencies  from  30  to  1210  MHz.  In  his  calculations,  Moorcroft  used  a  10 
km  width  for  the  scattering  layer  and  assumed  no  magnetic  aspect  angle  effects.  The  estimated 
SCS  coefficients  are  illustrated  in  Figure  11.  Notice  in  Figure  11a,  the  scattering  coeficients 
vary  over  3  orders  of  magnitude  at  any  frequency,  and  a  definite  trend  for  cross  sections 
to  decrease  with  frequency. 

By  using  a  number  of  arguments  based  on  experimental  evidence,  Moorcroft  (1987a)  concluded 
that  the  strongest  events  in  each  distribution  of  Figure  11a  are  due  to  primary  (type  1) 
i rregul ari ti es.  He  produced  Figure  11b  which  shows  estimates  of  maximum  SCS  as  function  of 
radar  frequency  or  irregularity  wavelength.  The  straight  line  is  a  least  squares  fit  to  all 
points  except  for  30  and  1210  MHz  data  which  were  excluded  for  a  number  of  reasons  discussed 
in  detailed  by  Moorcroft  (1987a  )  •  In  the  range  between  50  and  800  MHz,  i.e.  between  3  m 
and  0.2  m,  the  frequency  dependence  for  waves  propagating  along  the  destabilizing  flow  and 
perpendicular  to  B  can  be  described  well  by  an  absolute  scattering  cross  section  per  unit  volume 
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that  follows  the  expression 

oo  =  3x10"V2-25  m'1  .  (15) 

The  dotted  lines  in  Figure  11b  indicate  a  range  uncertainty  of  0.35  for  the  power  of  2.25 
in  the  above  equation.  It  is  interesting  to  point  out  that  these  results  are  in  fair  agree¬ 
ment  with  Sudan's  (1983)  nonlinear  theory  which  suggests  a  k  *  dependence  for  the  saturation 
amplitudes  of  type  1  short  wavelength  irregularities. 
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Figure  11.  Both  figures  are  from  a  recent  paper  by  Moorcroft  (  1987 a). (a):  Distribution  of 

scattering  coefficients  at  various  frequencies,  (b):  Estimates  of  maximum  absolute 
scattering  coefficients  per  unit  volume  as  function  of  radar  frequency. 


:  HTTT'JDF  rtJ  RACTER I  ST  I  CS  OF  RADIO  AURORA 


First,  we  should  point  out  that  most  radar  experiments  could  not  provide  adequate  height 
information,  to  be  used  in  the  i nterpretati on  of  data,  because  of  broad  antenna  beamwidth 
in  elevation.  This  was  an  important  disadvantage  because  there  are  several  reasons  to  believe 
that  height  effects  do  exist  and  playa  crucial  role  in  tne  physics  of  the  phenomena.  Ambient 
plasma  parameters  (e.g.  temperatures ,  collision  frequencies,  electron  density  and  density 
gradients)  that  affect  the  instability  mechanisms  and  the  magnitude  and  direction  of  electro¬ 
jet,  do  change  appreciably  with  altitude.  For  example,  Figure  12  shows  important  height 
differences  in  the  theoretical  dependence  of  threshold  electric  field  for  two  stream  waves  at 
various  frequencies.  Furthermore,  there  is  enough  evidence  showing  sizable  dynamic  alterations 
of  plasma  parameters  to  take  place  within  a  few  kms  altitude  in  the  electrojet  region.  We 
show  such  an  example  in  Figure  13  reproduced  from  a  paper  by  Igarashi  and  Schlegel  (1987). 
This  anomalous  electron  heating  in  the  auroral  electrojet,  discovered  first  by  Schlegel  and 
St-Maurice  (1981),  is  attributed  to  plasma  particle  i nteract ionj wi th  strong  Farl ey-Bunemann 
waves  and  believed  to  act  as  a  feedback  element  in  the  saturation  of  two  stream  instability. 
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Figure  13  (from  Igarashi  and  Schlegel,  1987) 

The  auroral  echoes  are  believed  to  come  from  an  E  region  layer  centered  near  107  km  and 
having  a  variable  thickness  from  less  than  2.5  km  to  possibly  more  than  20  km.  These  numbers 
came  from  radar  backscatter  altitude  estimates  (e.g.  see  Umwin,  1972).  Also  recket  measure¬ 
ments  detected,  with  ac  electron  density  and  E  field  probes,  a  layer  of  strong  el ectros ta t ic 
turbulence  located  between  95  and  120  km  (e.q.  see  Kelley  and  Mozer,  1  973  ;  Bahnsen  et  al  .  , 
1978;  Ogawa  et  al .  ,  1976;  Pfaff  et  al  .  ,  1984).  The  first  detailed  measurements  of  radar 


Figure  12  (from  Moorcroft,  1979) 
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auroral  altitude  effects,  reported  by  Unwin  and  Johnston  (1981)  with  a  sea  interferometer  radar  in  south 
New  Zealand,  revealed  considerable  altitude  structuring  within  the  electrojet  layer.  At 
times,  the  observed  two  scattering  layers,  at  about  106  and  112  km,  producing  echoes  with 
different  spectral  characteristics.  A  second  detailed  study  using  the  same  sea  interferometer 
technique,  has  been  conducted  by  Timofeev  and  Miroshnikov  (1982)  with  a  90  MHz  radar  in 
Karelia,  USSR.  Their  findings  include,  1)  more  altitude  variability  and  layering  in  the 
westward  than  eastward  electrojet,  2)  a  pronounced  east-west  altitude  asymmetry  in  both 
electrojet  time  sectors  and,  3)  short  lived  and  localized  double  scattering  layers  with  a 
thickness  of  about  2  km  and  an  altitude  separation  of  less  than  10  km.  They  have  attributed 
these  effects  on  a  mechanism  of  collective  interaction  of  energetic  auroral  electron  fluxes 
with  the  E-region  plasma.  In  general,  we  do  not  know  at  present  in  what  way  this  altitude 
structuring  affect  the  scattering  mechanisms  of  radar  aurora. 

Important  information  on  height  effects  for  398  MHz  backscatter  have  been  obtained  by 
Ruohoniemi  and  Moorcroft  (1985),  who  used  the  narrow  beam  elevation  scanning  capability  of 
the  Homer  radar  in  Alaska.  In  their  technique,  they  exploited  the  different  echo  intensities 
from  successive  elevation  positions  at  a  given  range  to  calculate  the  elevation  angle,  and 
therefore  the  altitude,  of  the  scattering  layer.  They  found  considerable  differences  in  the 
altitudes  for  premidnight  and  postmidnight  backscatter  periods,  i.e.  in  the  eastward  and 
westward  jets,  respectively.  For  the  east  jet  the  echo  altitudes  were  confined  between  97  and 
117  km  whereas  for  the  postmidnight  period  (westjet)  the  scatter  layer  was  much  narrower 
centered  at  lower  altitudes  near  1U3  km.  The  lower  heights  for  the  westward  electrojet  could 
be  explained,  considering  the  role  of  electron  density  in  the  scattering  cross  section  as 
described  by  Uspensky  (1985),  and  that  the  west  jet  is  ussually  centered  at  altitudes 
considerably  lower  than  the  eastward  jet  (e.g.  see  Kamide  and  Brekke,  1977).  Further  work  by 
Moorcroft  and  Ruohoniemi  (1987)  on  Doppler  velocity  altitude  variations  at  398  MHz,  revealed, 
among  other  things,  that  low  velocity  echoes,  presumably  due  to  secondary  waves,  are  more 
restricted  in  height  range  than  echoes  with  ion  acoustic  velocities  which  are  believed  to 
come  from  primary,  Farl ey-Bunemann  waves.  This  interesting  result  of  Moorcroft  and  Ruohoniemi 
(1987),  which  is  illustrated  in  Figure  14,  is  difficult  to  be  explained  and  understood 
without  supportive  observational  evidence. 


Figure  14.  Average  echo  power  versus  altitude 
for  type  1  and  type  2,398  MHz  back¬ 
scatter.  (from  Moorcroft  and 
Ruohoniemi,  1987). 
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At  present,  the  existing  theories  are  not  adequate  in  explaining  altitude  observations  of  the 
type  shown  in  Figure  14.  As  Moorcroft  and  Ruohoniemi  (1987)  pointed  out,  it  is  now  clear  that 
height  information  is  essential  for  the  physical  understanding  of  auroral  backscatter  observ¬ 
ations.  Furthermore,  detailed  height  measurements  might  be  useful  in  testing  existing  theore¬ 
tical  predictions  on  plasma  wave  propagation  within  the  unstable  layer,  both  upward  and  down¬ 
ward  along  the  magnetic  field  lines  (Moorcroft,  1984;  St-Maurice,  1985;  Moorcroft,  1987b). 

For  example,  the  waves  grow  as  they  propagate  and  if  growth  rates  are  larger  compared  to 
propagation  times,  then  the  strongest  echoes  are  expected  to  come  from  the  top  and  bottom 
of  the  unstable  laye*". 


6.  NEW  ECHO  TYPES  AT  50  MHz  AURORAL  BACKSCATTER 


In  the  previous  sections  we  reviewed  type  1  and  type  2  irregularity  characteristics  detect¬ 
able  in  the  entire  VHP  and  UHF  range.  These  were  interpreted  in  the  framework  of  two  stream 
gradient  drift  and  secondary  instabilities.  In  this  section  we  examine  in  brief  two  newly 
discovered  categories  of  auroral  radar  echoes  observed  only  at  50  MHz,  i.e.  with  3  m  irregu 
larities.  The  terms  used  to  identify  these  echoes  are  "type  3"  and  "type  4",  in  contrast  to 
the  familiar  type  1  and  type  2. 


Type  3  echoes  (Reed,  198u;  Fejer  et  al.,  1984b;  Providakes  et  al  .  ,  1985;  Haldoupis  et  al., 
1985b;  Prikryl  et  al.,  1987)  are  identified  by  their  Doppler  spectrum  signature  sketched  in 
Figure  15.  On  the  average,  type  3  echoes  are  related  to  strong  intensity  signals  having  very 
narrow  spectra  peaked  below  ion  acoustic  Doppler  speeds  and  preferentially  either  in  the  50 
to  70  Hz  shift  band  (150  to  220  m/s)  or  less  often  in  the  20  to  4C  Hz  shift  range  (60  to 
120  m/s).  These  frequency  bands  are  centered  on  values  correspond i ng  approximately  to  the 
cyclotron  frequencies,  or  their  harmonics ,  of  the  main  ionic  species  in  the  plasma  (i.e.  0* , 
NO  ,0  ).  Figure  16,  is  an  example  of  type  3  spectra  centered  near  30  and  60  Hz,  observed  L 
simultaneously  from  different  azimuths  and  at  aspect  angles  5°and  12°  ♦  respectively.  It  i: 
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interesting  to  note  that  all  the  reported  observations  were  made  with  50  MHz  radars  whose 
beams  were  several  degrees  from  perpendicularity  with  the  magnetic  field,  i.e.  type  3  echoes 
seem  to  require  less  favorable  aspect  sensitivity  conditions  than  type  1  and  2  echoes. 
According  to  Haldoupis  et  al.  (t987),  type  3  echoes  were  seen  frequently  in  the  entire  aspect 
angle  range  between  1°and  14°,  i.e.  with  k„/  k.  ratios  may  be  larger  than  0.25.  Also,  type  3 
echoes  are  observed  during  more  disturbed  rather  than  more  quiet  geomagnetic  conditions. 
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Figure  15.  Drawings  of  typical  type  3  spectra  observed  at  50  MHz. 
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Figure  16.  Sequential  type  3  spectral  peaks  at  30  and  60  Hz,  observed  simultaneously  from 
different  azimuths  and  magnetic  aspect  angles  (from  Haldoupis  et  al .  1985b) 


These  characteristics,  and  in  particular  the  fixed  Doppler  shift  near  the  ionic  gyro- 
frequencies,  led  Fejer  et  al .  (1984b)  to  propose  that  these  echoes  are  due  to  electrostatic 
ion  cyclotron  plasma  waves  generated  by  strong  field  aligned  currents  (FAC)  in  the  upper  E 
region  (i.e.  well  above  the  electrojet).  Besides  the  Doppler  spectrum  evidence,  there  is 
some  indirect  evidence  based  on  concurrent  optical  data,  reported  by  Providakes  et  al .  (1985) 
and  by  Prikryl  et  al.  (1987),  in  favor  of  strong  FAC  involvement  in  the  generation  of  type  3 
echoes.  Also,  there  are  measurements  made  in  situ  with  rocket  probes  which  detected  ion 
cyclotron  el ec tros ta t i c  oscillations  in  the  upper  E  region  (e.g.  Ogawa  et  al.,  1981;  Bering, 
1983).  The  existing  evidence,  however,  should  be  considered  as  necessary  but  not  sufficient 
to  prove  the  electrostatic  ion  cyclotron  source  mechanism  for  auroral  backscatter,  and 
further  experimental  evidence,  especially  altitude  information,  is  needed. 

The  first  to  discuss  theoretically  the  importance  of  FACs  in  the  generation  of  electrostatic 
ion  cyclotron  waves  were  Kindel  and  Kennel ( t 97 t ) .  Their  theory  applied  to  the  weakly  colli- 
sional  upper  E  region  and  lower  F  region  ionospheric  plasma  (i.e.  for  v . <<  n .  and  v  <k.,  Vi 
where  V  is  the  electron  thermal  speed).  According  to  the  kinetic  theor^  of  ^Kindel^nd  e 
Kennel  ,  once  the  threshold  drift  velocity  is  exceeded,  short  wavelenght  waves  near  the  ion 
cyclotron  frequency  (i.  e.  co.—Q.)  become  unstable  and  propagate  outward  from  a  current  beam 
in  directions  such  that  .  This  theory  however  shows  that  ion  neutral  collisions  have 

a  strong  stabilizing  effect  (even  when  v.  /Q.s  0.02),  thus  extreme  FACs  would  be  needed  to 
sustain  EIC  waves  below  ^160  km.  1  1 

On  the  other  hand,  D'Angelo  (1973)  and  Chaturvedi  (1976),  who  used  fluid  theory,  considered 
the  destabilizing  role  of  electron  neutral  colTisions  and  argued  that  EIC  waves  could  be 
generated  even  at  12U  km,  where  v.  and  G.  become  comparable.  Fejer  et  al.  (1984a)  generalized 
the  fluid  theory  of  electrojet  i ndtabi 1 i lies  to  include  ion  magnetization  effects  and  FAC 
generation  of  EIC  waves  at  higher  altitudes.  Fluid  theory,  however  predicts  direct  generation 
of  EIC  waves  with  X.  ^  1 5  m  to  2U  m  and  frequencies  w.  =  (G^  +  k*C$2 ) »  i.e.  phase  velocities 
well  above  the  ion  acoustic  velocity  C*  .  Obviously,  tRis  theory,  neither  explains  the  gener¬ 
ation  of  3  m  waves  nor  predicts  the  observed  Doppler  shifts  so  near  the  ionic  gyrof  requenc  ies. 
At  this  point,  it  is  interesting  to  mention  that  very  recently  Villain  et  al.  (1987)  using 
the  APL  HF  radar  facility  in  Labrador,  which  scans  in  frequency  from  8  to  20  MHz,  reported 
observations  of  E  region  irregularities  with  X.  near  15  m  which  can  be  interpreted  in  terms 
of  EIC  waves  produced  by  N0+  ions,  in  good  agreement  with  the  above  dispersion  relation  of 
fluid  theory. 

A  kinetic  study  of  collisional  EIC  waves  (V^k-V  )  in  the  upper  E  region,  which  took  into 
cons i de ra t i on  the  des tab i l i z i nq  effect  of  electron  neutral  collisions,  was  reported  by 
Providakes  et  al .  (1985).  As  seen  in  Figure  17,  reproduced  from  the  paper  of  Providakes 
et  al.  (  1985),  the  theory  predicts  that  3-m  EIC  waves  can  have  ang ular f requenc i es  near  the 
ion  gyrof requencies  but  for  direct  excitation  unreasonably  high  electron  drift  velocities 
along  the  field  lines  are  required,  even  higher  than  the  electron  thermal  speed  (*-130  km/s). 
The  required  drifts  at  instability  threshold  increase  immensly  at  larger  aspect  angles  and, 
as  the  authors  state,  even  the  most  easily  excited  EIC  waves,  occurring  at  0.5  aspect  angle 
angle,  cannot  be  generated. 
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Figure  17.  Theoretical  results  for  electrostatic 
ion  cyclotron  waves  at  instability 
threshold  in  the  upper  E-region  (  15C  km). 
V  /V.  is  the  ratio  of  field  aligned 
electron  drift  to  the  ion  thermal  speed, 
(from  Providakes  et  al . ,  1985). 


In  summary,  collisional  fluid  or  kinetic  theories  of  FACs  ion  cyclotron  instabilities  cannot 
provide  adequate  explanations  for  the  type  3  observations  at  50  MHz.  Yet  the  frequent 
observation  of  these  waves  at  large  aspect  angles  shows  the  theories  must  be  modified  so  as 
to  relax  the  threshold  conditions  for  instability  in  both  small  and  large  aspect  angles  and 
to  allow  for  phase  velocities  near  the  ion  gyrof requenc ies .  Also,  the  theories  should  explain 
why  type  3  echoes,  contrary  to  type  1  and  3,  are  not  observed  by  radars  a t  f requenc i es  higher 
than  5u  MHz.  Also  careful  experimental  studies  are  needed  to  determine  the  altitude  at  which 
these  echoes  originate.  Based  on  the  observation  that  type  3  phase  velocities  remain  fairly 
stable,  as  in  the  case  of  type  1  echoes,  one  could  argue  that  type  3  echoes  may  come  from 
within  or  near  the  top  of  the  elctrojet  because  if  they  were  to  come  from_the  upper  E-region 
(i.e.  say  15t  km),  then  their  Doppler  shift  would  have  been  subjest  to  ExB  plasma  motions. 

On  the  other  hand,  if  type  3  echoes  come  even  from  upper  electroiet  layers,  can  we  define 
electrostatic  ion  cyclotron  waves  in  regions  where  the  ions  are  hardly  magnetized? 

6.2.  Type  4  echoes. 

A  few  years  ago,  Haldoupis  and  Sofko  (1979)  reported  a  new  spectral  signature  observed  with 
a  CW  bistatic  Doppler  system  at  42  MHz,  during  exceptionally  disturbed  conditions  in  the 
postmidnight  sector.  An  example  of  their  observations  is  shown  in  Figure  18.  The  spectrum 
consisted  of  two  components,  a  broad  one  centered  near  5 L C  m/s  and  a  narrower  one  near  1.1 
km/s.  The  overall  duration  of  such  events  was  fairly  short,  from  tens  of  seconds  to  less 
than  3  to  4  minutes.  The  evidence  suggested  that  short  lived,  lifetimes  lets  than  5C  ms, 
fast  moving  i rregul a ri ti es  must  have  originated  from  very  localized  scattering  reg i on$  during 
unusual  plasma  conditions. 


Figure  18.  A  typical  example  of  the  type  4  50  MHz  spectral  signature.  This  spectrum  corresponds 
to  a  short  data  sample  of  0.2  s  (from  Haldoupis  and  Sofko,  1979). 


This  observation  has  been  identified  as  a  distinctly  different  echo  type  of  5C  MHz  radar 
aurora  by  Providakes  (1985)  and  Fejer  et  al .  (1986)  who  observed  several  type  4  events  with 
the  high  resolution  Cornell  University  Portable  I nterf erometer  Radar  System  (CUPRI),  during 
disturbed  conditions  in  the  posmidnight  sector.  On  these  occasions,  short  lived  narrow 
spectral  peaks  with  very  large  phase  velocities  nearing  1  km/s,  are  observed  to  dominate 
over  a  broad  spectral  part  of  type  two-like  but  with  considerably  higher  average  Doppler 
velocities  and  spectral  widths.  The  echo  strength  is  often  high  and  variable  in  range  and 
time  apH.  as  shown  in  Figure  19,  the  Doppler  spectrum  follows  dynamic  changes.  They  also 
found  the  type  4  component  to  be  more  aspect  sensitive  than  the  broad  type  two-like  component. 

In  their  i n terpreta ti on ,  Fejer  et  al .  (  1986)  relied  on  the  shape  of  the  peaks  and  their  time 
evolution  to  suggest  that  type  4  events  represent  a  true  two  stream  instability  case,  implying 
that  at  these  times  the  ion  acoustic  speed  is  extremely  enchanced  due  to  anomalous  electron 
heating  conditions.  The  rare  occurrence,  short  lifetimes,  and  highly  variable  nature  of  type 
4  peaks,  were  explained  as  a  consequence  of  an  extremely  narrow  cone  of  primary  two  stream 
i rregu 1  a r i t i es ,  so  type  1  waves  are  confined  along  the  destabilizing  drift  and  observed  only 
when  cos(k  V .)« ±1 .  This  interpretation  implies  very  large  electron  temperatures  in  the  range 
between  2000  CK  and  may  be  more  than  3000  '’K.  As  we  have  mentioned,  E  region  electron  tempera¬ 
ture  enhancements  are  known,  from  ionospheric  scatter  measurements,  to  occur  during  periods 
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periods  of  large  electric  fields, 
in  the  literature. 


but  very  rarely  we  have  such  large  values  being 
ITHACA.  NY  SEPTEMBER  6.  1982 


reported 


EHUJLJ  LJU 

.  jiw  -r  ir»  . 

,  Jfe.JbJL  J 


PHASE  VELOCITY  (m/O 


Figure  19.  iemporal  and  spatial  dynamics  of  type 
(from  Fejer  et  al .  1986). 


4  spectra  observed  by  the  CUPRI  radar  at  5C  MHz. 


We  believe,  the  proposed  interpretation  for  type  4  echoes  is  feasible  but  it  needs  more 
experimental  testing.  One  may  find  it  difficult  to  conceive  that  type  4  echoes  are  only  due 
to  a  narrow,  highly  directional,  cone  of  primary  i rregu 1  a r i t i es  ,  when  we  know  from  STARE  that 
the  primary  cone  is  always  very  broad  (for  example  the  Norway  STARE  radar  observes  almost 
always  narrow  type  1  spectra),  even  with  large  electron  drifts.  Also  from  the  published  type 
4  spectra,  e.g.  those  of  Haldoupis  and  Sofko  (1979)  and  Fejer  et  al.  (1986),  there  seems  tc 
be  a  prefered  frequency  band  close  to  300  Hz  for  type  4  spectral  peaks,  something  that  may 
be  not  compatible  with  the  proposed  i nterpretat i on . 

'  j_J  NTERFEROMETRY  STUDIES  OF  LOCALIZED  SCATTERING  RE  CIONS 

In  the  past,  there  have  been  a  number  of  observations  suggesting  the  existence  nf  local -zed 
strong  scatter  reg'ons  in  auroral  plasma  (Sofko  and  Kavadas,  1969  ;  19  7  1;  Irwin,  19*2;  Ha'  V-*:  ■ 
and  Sofko,  1978b;  Sinclair  and  Forsyth,  1981).  The  notion  of  backscatter  being  dominated  rr 
ecnoes  from  a  dynamic  point-like  source  imbeded  in  an  apparently  random  medium  is  •  n t r  .  g u  •  , 

hinting  that  under  some  appropriate  conditions  occurina  at  limited  volumes  of  -.i  >  .  :'•* 
plasma  is  succeptible  to  instability  processes  that  need  to  be  studied  and  understood. 

A  new  technique  which  can  provide  information  or  the  spatial  and  temporal  structure  of  1 c  r  a  - 
ized  echoing  regions  has  been  developed  at  Cornell  University  and  applied  succesfully  the 
last  few  years  to  equatorial  and  auroral  electrojets  (lerkic,  198u;  Farley  et  al.,  1981; 
Kudeki  et  al.,  198*.;  Providakes  et  al.,  1983  ;  1985;  Riggin  et  al.,  13°6;  Fe.ier  et  al.,  19«6 
The  first  auroral  i nterferometer  results,  reported  by  Providakes  et  al.  t  1983)  using  a  mpr.-. 
static  5u  MHz  coherent  radar  with  antenna  separation  cf  5-.  m,  verified  the  existence  of  local¬ 
ized  scatter  sources  in  the  auroral  plasma  with  dimensions  of  less  than  few  kilometers. 
Recently,  Haldoupis  et  al.  (1988)  described  the  conversion  of  a  bistatic  5  ^  MHz  Doppler 
system  to  an  auroral  interferometer  designed  to  investigate  short  term  dynamics  cf  highly 
localized  regions  of  backscatter  with  transverse  sizes  in  the  rannp  from  U.5  to  5  xm. 

Figure  illustrates  the  basic  geometry  of  horizontal  (i.e.  azimuthal)  nterferemetry  for 
observing  a  localized  source  within  a  large  viewing  region.  If  we  assume  the  received  signals 
result  from  the  superposition  of  many  wavelets  originating  from  a  random  assembly  of  source 
elements  having  their  phases  <t>  normally  distributed,  it  can  be  shown  that  the  complex 
cross  spec  trum  is  ^ 


S.n(u)  =  exp(jk  d  ®  )  exp{-k^  <AcoL  !  c ) 
Ad  r  u)  r  a) 


(16) 


where  k^  is  the  radar  wavelength,  d  is  the  antenna  separation  distance,  and  o  ,  $>  are  the 
angular  spread  and  the  mean  azimuthal  position  of  the  source  which  is  identift'ed  Vn  the 
Doppler  spectrum  by  its  mean  shift  u>.  In  prinsiple,  we  can  estimate  the  source  mean  size  and 
mean  angular  position,  by  computing  the  normalized  cross  spectrum,  known  as  coherency,  and 
the  phase  cross  spectrum.  Also,  we  can  measure  source  movements  transverse  to  the  viewing 
direction.  For  details  see  Farley  et  al  .  (1981)  and  Providakes  (  1 98 5 y . 

The  Cornell  i nterferometer  results  for  radar  aurora  revealed  a  number  of  interesting  features. 
Providakes  et  al,  (1983)  reported  measurements  showing  that  type  1  and  type  2  echoes  may 
originate  from  different  regions  in  the  -  j  volu-e.  Other  observations  by  Providakes 

et  al.  (1985)  showed  that  type  3  echoes  are  associated  with  horizontal  shears  in  the  cross 
field  plasma  flow,  and  with  highly  localized  and  irregular  structures  within  the  observing 
volume.  Also  it  was  found  that  type  4  echoes  are  coming  from  limited  regions  in  space  which 
led  Fejer  et  al .  (1986)  to  propose  the  existence  of  spatially  confined  regions  of  elevated 
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electron  temperatures.  Haldoupis  et  al  .  (19c.3i  reported,  with  the  University  of  Saskatchewan 
5u  MHz  CW  interferometer,  that  at  times  high  coherence  echoes  of  type  1  or  type  3  originate 
from  strongly  unstable  regions  which  are  related  to  highly  dynamic  source  regions  of  transient 
nature  with  azimuthal  sizes  possibly  less  than  1  km.  An  example  of  CW  i nterf erome try  results 
is  illustrated  in  Figure  El.  This  is  from  an  impulsive  event  whose  growth  took  place  during 
a  fraction  of  a  second  and  whose  duration  was  about  40  s.  Figure  El  shows  averaged  normalized 
Doppler  spectra  from  both  antennas  and  the  correspond i ng  cross  spectral  estimates.  Notice 
that  high  coherencies  and  relatively  steady  cross  phases  appear  only  for  the  narrow  dominant 
peak  of  type  3  near  -/l  Hz.  The  coherence  values  in  Figure  <.  1  suggest  a  scattering  region 
with  an  rms  cross  sectional  area  of  c  kn  or  less  transverse  to  the  observing  direction. 


F'gure  eu.  Basic  geometry  in  azimuthal  (horizontal)  interferometry . 

Figure  Normalized  Doppler  spectra  (upper  two  panels)  from  east  and  west  antennas,  and 

corresponding  cross  spectral  estimates,  i.e.  the  coherency  (low  left  pane'!  and 
cross  phase  spectrum,  for  a  type  3  auroral  echo  (from  the  5u  MHz  CW  interfer-neter 
of  the  radio  auroral  group  at  the  University  of  Saskatchewan,  Canada). 

The  existing  observations  proved  that  radio  auroral  i n terf erome t ry  is  a  promising  re* 
technique  for  investigating  dynamics  of  localized  regions  of  backscatter ,  a*d  that 
designed  experiments  can  provide  unique  altitude  and  azimuthal  information  and  -va^.-r  r.-r  : 
movements  of  spatially  coherent  structures  in  the  auroral  plasma.  Certainly,  we  expect  to 
see  more  of  radar  auroral  i nterf eroneter  studies  in  the  near  future. 


d .  C 0  N  C LU D 1 NG  COM ME NTS 

In  this  report,  we  have  reviewed  several  observations  of  hiqh  latitude  aurora i  f.-re-;i  • 
i  rrerijl  ari  ties  and  considered  their  i  n  ter  pre  ta  t  i  on  in  Mie  framework  o»  the  e  *  i  s  i  ’  u  ;  It--;, 
and  nonlinear  theories.  We  conclude  that,  at  present,  there  is  a  substantial  amroun*  o * 
knowledge  accumul  a  t-»d  through  intensive  research  efforts  over  the  last  *ew  years,  whiih  *•  t 
improved  the  physical  Dicture  considerably.  On  the  other  hand,  our  unders tandi no  is  pot  • 
complete  because  there  are  important  points  that  need  further  study,  both  theoretical  and 
experimental.  Most  of  the  unresolved  problems  seem  to  have  only  auroral  identity,  i.e  tn«, 
have  no  equatorial  counterpart.  For  example,  there  is  now  enough  evidence  to  substantive 
the  claim  that  there  are  important  differences  between  SO  MHz  equatorial  ana  auroral 
scatter  processes.  These  differences  focus  mainly  on  the  magnetic  aspect  angle  properties  -  • 
type  1  and  ?  echoes  and  on  new  echo  types  observed  only  in  the  auroral  plasma  Also,  the 
role  of  altitudes  and  of  electron  density  in  the  qeneration  and  saturation  of  i  ns t ap i 1 i t  ’  os  , 
seem  to  be  much  more  important  in  auroral  than  the  equatorial  reqion.  Furthermore,  it  is 
possible  to  have  in  the  auroral  plasma  large  amplitude,  nearly  monochromatic,  elctron  density 
waves  originatinq  from  very  localized,  point-like,  regions  associated  with  dynamic  scarce; 
of  transient  nature. 

The  evidence  discussed  in  this  paper,  emphasizes  the  need  for  a  qenerj!  unified  theory  nf 
radio  aurora  which  would  incorporate  additional  energy  sources,  beyond  those  applied  in  the 
enuator,  new  (or  modified)  nonlinear  saturation  mechanisms  and  wave  energy  propagation 
ch a ra c te r i s t i c s .  There  is  now  more  attention  directed  to  Field  Aligned  Currents  as  an  impoi  taut 
source  of  energy  which  can  destabilize  the  plasma.  It  is  not  unreasonable  to  assume  that  fAcs 
may  f e  the  missino  element  to  be  included  in  the  equatorial  models  when  applied  to  aurora 
However,  Chaturvedi  et  al.  (1987)  who  considered  parallel  current  effects  on  the  E-region 
instabilities,  found  that  FACs  are  not  enough,  when  applied  in  a  linearized  theory,  and  some 
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nonlinearity  is  necessary  to  account  for  results  such  as  backscatter  at  large  magnetic 
aspect  angles. 

Besides  the  necessity  for  aurora  1 -ori ented  theoretical  models,  we  also  need  more  carefully 
designed  experim  ts  to  measure  with  good  azimuthal  and  vertical  resolution  sheared  flows 
and  altitude  effects.  In  particular,  the  need  for  precise  altitude  and  calibrated  scattering 
cross  section  measurements  Is  imminent  because  there  is  very  few  information  available  on 
these  two  important  parameters.  Furthermore,  for  more  conclusive  results  it  is  important  to 
have  conducted  joint  experiments  (e.g.  using  concurrently  with  auroral  radars,  rocket  and/or 
incoherent  scatter  measurements)  to  carry  out  correlative  studies.  These  studies  would 
possibly  resolve  questions  concerning  the  roles  of  important  parameters  in  the  instability 
processes,  such  as  electron  density,  elctron  density  gradients  and  electron  temperatures, 
and  provide  useful  hints  to  theorists. 
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DISCUSSION 


J.Fejer 

There  have  been  suggestions  on  theoretical  grounds  that  powerful  high  frequency  transmissions,  transmitted  from 
ionospheric  modification  facilities,  could  modify  the  natural  instability  mechanisms.  Is  there  any  experimental  evidence 
for  this  in  the  E  region? 

Author’s  Reply 

One  may  not  expect  a  detectable  effect  during  disturbed  periods.  On  the  other  hand,  this  would  be  possible  during 
quiet  per;jds  at  iow  Kp  activity.  It  has  been  observed,  during  simultaneous  operation  of  the  HF  Heater  Facility  in 
Tromso  and  the  STARE  radar,  that  weak  echoes  were  received  during  times  when  the  heater  was  on.  This,  however, 
if  I  am  not  mistaken,  was  observed  during  periods  when  naturally  produced  echoes  were  absent. 
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SUMMARY 

Global  sounding  and  probing  of  the  ionosphere  over  the  last  several  decades  have  revealed  the  frequent  presence  of 
irregularities  throughout  various  ionospheric  regions.  Using  the  collected  data,  many  comprehensive  studies  have  been  made  and 
reviewed  by  various  authors.  Models  have  been  constructed  and  continuously  improved  with  additional  data.  Extensive 
morphological  studies  clearly  indicate  a  strong  dependence  on  the  phase  of  solar  cycle,  the  geomagnetic  latitude,  and  the  local  time. 
Data  have  also  been  collected  that  enable  us  to  characterize  the  electron  density  fluctuations  statistically  in  their  space-time  behavior. 
Such  characterizations  are  necessary  in  connecting  medium  properties  to  wave  properties. 

The  ionosphere  is  known  to  be  a  dispersive  medium.  In  the  presence  of  irregularities,  severe  scattering  may  additionally  take 
place.  A  radio  wave  propagating  through  such  an  environment  may  therefore  experience  fading  and  scintillation.  The  strength  of  a 
scintillating  signal  is  usually  measured  by  its  scintillation  index  S4,  defined  as  the  normalized  root-mean-square  intensity  fluctuations 
above  the  mean.  The  dependence  of  S4  on  radio  frequency  has  been  investigated  by  using  multifrequency  data.  The  results  are  shown 
to  agree  with  theory.  The  higher-order  statistics  that  are  used  to  describe  the  space- time  signal  have  also  been  measured.  Using  spaced 
antennas,  a  cross  correlation  function  can  be  calculated  in  addition  to  S4  and  self  spectrum.  Several  methods  exist  that  connect  the 
cross  correlation  function  to  the  ionospheric  drift  velocity  and  the  velocity  fluctuations.  Several  days  of  data  obtained  at  an  equatorial 
station  will  be  she'  1  as  examples.  They  all  show  a  continuous  decay  in  velocity  fluctuations  throughout  the  evening  with  a  tendency 
to  rise  near  boui.c  ary  of  an  irregularity  patch. 


1.  INTRODUCTION 


The  Earth's  ionosphere  is  under  continuous  agitation.  Even  in  the  absence  of  external  forces,  the  thermal  agitation  alone  can 
produce  fluctuations  in  electron  density.  These  thermally  excited  density  fluctuations  are  very  weak  and  are  detectable  only  with  very 
powerful  radars,  commonly  called  incoherent-scatter  radars  [Gordon,  1958;  Farley,  1971;  Evans,  1975J.  Frequently,  the  ionosphere 
is  under  the  influence  of  external  forces  in  addition  to  the  perpetual  gravity.  Among  them  are  the  electric  field,  Lorentz  force,  neutral 
winds,  strong  gradients,  gravity  waves  and  tides.  Some  of  these  forces  can  make  the  ionospheric  plasma  unstable.  Under  such 
conditions  an  initial  perturbation  can  grow  rapidly  to  very  large  values  until  limited  by  nonlinear  processes.  As  a  result,  the  plasma 
thermal  fluctuations  are  enormouslv  amplified.  For  example,  it  has  been  reported  that  the  radar  scatter  from  thermally  excited 
fluctuations  at  the  magnetic  equator  can  surge  by  80  dB  in  a  matter  of  minutes  [McClure  and  Woodman,  1972].  This  corresponds  to  an 
increase  of  eight  decades  in  spectral  intensity  at  one-half  the  radar  wavelength,  a  tremendous  increase  indeed  No  wonder,  historically 
the  detection  of  ionospheric  density  fluctuations,  also  known  as  ionospheric  irregularities,  was  made  under  such  strong  perturbations. 
This  happened  as  early  as  1938  [Booker  and  Wells,  1938]  soon  after  the  introduction  of  frequency-sweeping  ionosondes.  The 
otherwise  clean  echo  traces  from  the  F  region  were  found  to  spread  and  become  blurred.  These  blurred  echoes  have  been  commonly 
called  the  spread  F  echoes  [Herman,  1966].  A  historical  account  of  these  events  can  be  found  elsewhere  [Special  Issue,  1974]. 

One  experimental  method  in  the  investigation  of  ionospheric  irregularities  is  the  use  of  a  transionospheric  radio  beacon.  A  radio 
wave  passing  through  a  perturbed  ionosphere  will  sense  the  perturbation  of  the  dielectric  permittivity  given  by 


Myi? 


AN(?,t) 

N„ 


0) 


where  AN  is  the  space-time  perturbation  in  electron  density  N0  is  the  background  electron  density  with  a  corresponding  plasma 
frequency  fpp  and  f  is  the  radio  frequency.  Because  of  the  dispersive  nature  of  the  ionosphere  the  fluctuating  part  of  the  relative 
dielectric  permittivity  is  frequency  dependent.  For  most  radio  beacon  experiments  the  radio  frequency  is  much  larger  than  the 
background  plasma  frequency.  Even  under  this  condition,  £|  is  inversely  proportional  to  the  square  of  f.  This  immediately  suggests 
investigations  by  a  multifrequency  beacon  over  a  band  within  which  the  lowest  frequency  will  be  most  sensitive  to  density  fluctuations 
while  the  highest  frequency  will  be  least  sensitive. 


Radio  beacon  investigations  of  ionospheric  irregularities  rely  on  perturbations  imparted  on  wave  parameters,  such  as  amplitude 
or  phase,  by  scattering  from  irregularities.  The  severity  of  fluctuations  in  wave  parameters,  alternately  known  as  scintillations,  is  an 
indication  of  irregularity  intensities  plus  a  number  of  other  parameters.  The  link  is  provided  by  the  scintillation  theory,  which  shows 
that,  in  addition  to  irregularity  strength,  the  severity  of  scintillations  also  depends  on  the  radio  frequency,  the  irregularity  shape  and 
propagation  geometry.  Some  of  these  results  are  reviewed  in  section  2.  The  scintillating  signals  can  be  spectrally  analyzed.  For  weak 
scintillations,  the  phase  spectrum  follows  a  power  law  while  the  amplitude  spectrum  is  nearly  flat  to  a  Fresnel  frequency  above  which  a 
roll-off  to  a  power  law  behavior  can  be  expected.  The  use  of  such  information  to  study  the  ionospheric  irregularity  is  reviewed  in 
section  3.  The  spatial  structure  of  the  received  wave  can  be  measured  by  spaced  antennas.  Their  use  can  determine  heights,  drifts  and 
random  velocities  as  discussed  in  section  4.  Finally,  this  paper  is  concluded  in  section  5. 


2.  SCINTILLATION  INDICES 


The  easiest  parameter  to  measure  experimentally  is  the  amplitude.  In  the  presence  of  strong  ionospheric  irregularities,  the 
amplitude  is  found  to  fluctuate  or  scintillate.  Several  quantities  [Briggs  and  Parkin,  1963]  can  be  defined  to  measure  the  severity  of 
fluctuations.  These  quantities  are  called  the  scintillation  indices.  The  second  moment  of  the  complex  amplitude  u  is  the  ensemble 
averaged  intensity,  <I>=  <uu*>.  Under  the  forward  scatter  approximation,  <I>  is  found  to  be  a  constant,  i.e.  independent  of  AN  and 
propagation  geometry.  One  is  thus  forced  to  go  to  the  fourth  moment.  The  corresponding  scintillation  is  popularly  denoted  by  S4 
which  is  defined  by 


Sj  =  «I2X[>2)/<I>2 


(2) 


The  phase  scintillation  is  more  difficult  to  measure.  What  is  done  on  radio  beacon  experiments  is  to  transmit  several 
harmonically  related  frequencies  whose  dispersive  phases  are  processed  using  the  highest  frequency  as  a  reference.  The  phase 
fluctuations  0  at  a  frequency  lower  than  the  reference  frequency  is  used  to  compute  the  root-mean-square  value  <U.  It  has  been  found 
that  the  computation  of  Og,  depends  on  the  cutoff  time  of  the  detrending  filter.  To  facilitate  the  intercomparison  of  data,  this  cutoff  time 
should  also  be  specified.  For  orbiting  satellites,  a  10  s  cutoff  time  is  usually  adopted. 

Theoretically,  the  dependence  of  $4  on  the  standard  deviation  of  fluctuating  electron  density,  o^n,  can  be  computed  using  the 
multiple  scattering  scintillation  theory  [Yeh  and  Liu,  1982].  It  has  been  found  that  for  a  given  frequency  and  a  given  propagation 
geometry,  S4  increases  linearly  with  as  predicted  by  the  Rytov  solution  when  is  small  (See  Fig.  1).  The  rate  of  increase  in  S4 
slows  with  further  increase  in  and  eventually  saturates  at  S4  =  1  for  very  large  When  S4  =  1 ,  the  amplitude  has  a  Rayleigh 
distribution.  The  asymptotic  approach  to  the  saturation  value  of  S4  » 1  can  come  from  below  or  from  above,  depending  on  the  spectral 
index  and  the  size  of  the  Fresnel  scale  relative  to  the  outer  scale.  TTie  details  of  this  problem  have  been  summarized  by  Rino  [  1987  j. 


Under  weak  scintillation  conditions,  the  scintillation  index  S4  has  a  frequency  dependence  given  below  [Jokippi  and  Holiweg, 

1970}. 

S4~/'n  (3) 

When  the  irregularity  spectrum  is  of  the  form  9>an  (k) «  k*P,  the  frequency  exponent  n  in  eq.  (3)  is  linked  to  the  spectral  index  p  by  n 
=  (2+p)/4.  Thus  processing  of  scintillation  data  for  S4  at  two  or  more  frequencies  can  provide  the  value  of  p,  provided  that  the  values 
of  S4  do  not  exceed  about  0.1  on  all  frequencies.  As  S4  values  increase,  multiple  scattering  becomes  important.  Its  effect  is  to  weaken 
the  dependence  on  /  predicted  by  eq.  (3).  Eventually  under  saturation  conditions,  S4  loses  all  its  frequency  dependence.  The 
frequency  scaling  law  of  eq.  (3)  under  the  weak  scintillation  condition  and  the  loss  of  frequency  dependence  under  the  saturation 
condition  are  clearly  revealed  in  the  theoretical  result  of  Fig.  1 .  Experimentally,  this  result  can  be  very  compactly  presented  when  it  is 
realized  that  Sa  in  a  power-law  environment  depends  only  on  Sjj  irregularity  slab  thickness  and  the  spectral  index  p  [Rino  and  Liu, 
1982].  Here  S™  is  the  scintillation  index  predicted  by  the  Rytov  solution.  The  dependence  of  S4  on  the  propagation  geometry  and  the 
root-mean-square  density  fluctuations  is  completely  absorbed  by  its  dependence  on  S4  .  In  this  regard,  S4  can  be  viewed  as  a 
universal  parameter.  In  a  multifrequency  scintillation  experiment,.the  highest  frequency  invariably  satisfies  the  wak  scatter  condition. 
The  frequency  scaling  law  of  eq.  (3)  can  be  used  to  predict  what  }  should  be  at  a  lower  frequency.  At  this  same  lower  frequency  S4 
itself  can  be  determined  from  experimental  data.  Thus  a  plot  of  S4  vs  Sj  can  be  made.  This  was  done  by  Rino  and  Liu  [  1982].  Their 
results  are  reproduced  in  Fig.  2.  The  points  follow  a  straight  line  for  weak  scintillations  and  eventually  saturate  to  S4  -  1  when 
scattering  is  very  strong.  There  is  also  some  scatter  of  points  which  may  arise  because  the  irregularities  are  not  necessarily  isotropic, 
the  outer  scale  may  become  comparable  to  the  Fresnel  scale,  the  spectral  index  may  depart  from  p  =  4  and  the  determination  of  $4  may 
be  subject  to  some  experi  cental  errors.  Furthermore,  some  data  points  seem  to  suggest  the  existence  of  focussing  effects  when  S4 
nses  to  about  unity. 

The  scintillation  also  depends  on  the  geometric  shape  of  the  irregularities.  This  problem  has  been  studied  thoroughly  by 
Singleton  {1970).  Observationally,  a  slight  broadening  of  irregularities  in  the  magnetic  meridian  plane  has  been  reported  ai  high 
latitudes  [Singleton,  1973;  Martin  and  Aarons,  1977].  At  Fairbanks,  Alaska,  Fremouw  et  ai.  [1977]  observed  a  persistent 
enhancement  in  intensity  and  phase  scintillations  when  the  Wideband  satellite  was  in  the  magnetic  meridian  plane.  This  is  dramatically 
represented  in  Fig.  3.  Such  aspect- sensitive  observations  allow  Fremouw  and  Lansinger  [1981]  to  conclude  that  most  irregularities  in 
the  auroral  region  are  rod-like  while  sheet-like  irregularities  are  confined  to  the  nightside  of  the  high-latitude  ionosphere. 

Global  observations  of  the  scintillation  data  have  been  used  to  investigate  the  scintillation  morphology  and  its  relation  to  other 
geophysical  events,  e.g.,  [Yeh  and  Swenson,  1964;  Aarons,  1982].  There  have  also  been  periodic  attempts  to  model  this  phenomenon 
empirically  using  an  ever  larger  data  base  [Fremouw  and  Secan,  1984].  Pictorially  the  global  situation  can  be  sketched  as  shown  in 
Fig.  4  [Basu  et  a!.,  1988].  This  figure  shows  only  the  worst  case  in  the  year  of  a  given  solar  epoch.  Not  shown  are  the  details  such  as 
the  interesting  seasonal  behavior  especially  at  the  equator. 

3.  SECOND  ORDER  STATISTICS 

The  second  order  statistics  of  a  scintillating  signal  observed  at  a  single  location  is  represented  by  its  spectrum  or  correlation 
function.  For  a  one-component  power-law  irregularity  spectrum  under  weak  scintillation  conditions,  the  theory  predicts  a  flat 
amplitude  spectrum  for  low  spatial  frequencies,  kx,  up  to  the  Fresnel  wave  number  Kp  given  by 

kf  « (!tk/z)W  (4) 

where  k  is  the  wave  number  of  the  radio  wave  and  z  is  the  slam  distance  from  the  receiver  to  the  middle  of  the  irregularity  slab.  For  kx 
above  Kp,  the  amplitude  rolls  off  in  the  form  k^*p  where  p  is  the  spectral  index  of  irregularities.  Additionally,  there  may  exist  deep 
spectral  nulls  at  Km  given  by 


Km  =  V2m  Kp  ,  m=l,2,  3....  (5) 

These  nulls  arise  from  Fresnel  oscillations  and  are  usually  smeared  out  unless  the  irregularity  slab  is  very  thin  [Liu  and  Yeh,  1977]. 

On  the  other  hand,  the  low  spatial  frequency  part  of  the  phase  spectrum  is  not  affected  by  Fresnel  filtering  but  by  the 
detrending  process  in  the  data  analysis  and  by  the  finite  data  length.  Thus  the  phase  spectrum  will  ideally  decay  like  k  ‘p.  If  the 
irregularity  slab  is  thin,  Fresnel  nulls  on  the  phase  spectrum  may  appear  at  ’ 

Km  =  V2m-1  kf  ,  m  =  1,  2,  3,....  (6) 

Observationally,  the  scintillation  signal  is  recorded  as  a  function  of  time.  The  processing  of  the  time  series  gives  the  temporal 
spectrum  as  a  function  of  frequency  v.  If  the  temporal  fluctuations  in  the  received  wave  are  produced  by  a  frozen  flow  of  velocity  vx, 
the  temporal  variations  and  spatial  variations  can  be  related.  For  spectra  the  proper  transformation  is  v  =  kxvx/2k.  Hence  for  weak 
amplitude  scintillations,  the  temporal  spectrum  in  a  log-log  plot  is  supposed  to  show  a  comer  frequency  at 


vF  =  kfvx/2  ic 


(7) 


If  the  comer  frequency  Vp  is  determined  from  the  amplitude  spectrum  and  the  drift  velocity  vx  is  obtained  by,  for  example,  spaced 
receiver  experiment,  eqs.  (4)  and  (7)  can  be  used  to  determine  the  slant  distance  z  to  the  middle  of  the  irregularity  slab  as  was  done 
[Yeh  et  alM  1981]. 

Several  studies  have  been  made  on  the  inferred  behavior  of  spectral  index  p  deduced  from  asymptotic  spectral  slopes  of  the 
scintillation  data.  For  example,  Basu  et  al.  [  1980]  have  found  that  at  the  equator  die  spectra  are  fairly  shallow  in  the  first  hour  after  the 
onset  of  scintillation.  Thereafter,  the  spectra  tend  to  steepen  with  time,  suggesting  progressive  decay  of  small  irregularities.  This  kind 
of  behavior  has  been  confirmed  by  observations  of  Spatz  et  al.  [1988]  who  also  obtain  a  curious  notch  centered  at  about  01 :00  LT. 
This  is  shown  in  Fig.  5.  At  equatorial  latitudes,  a  two-component  power-law  irregularity  spectral  behavior  has  been  frequently 
observed  [Rino  et  al.,  1981;  Kelley  and  McClure,  1981].  Their  existence  makes  the  scintillation  data  interpretation  more  difficult, 
especially  when  scintillation  is  strong.  In  this  case,  considerable  broadening  beyond  Fresnel  frequency  Vp  can  be  expected  extending 
to  a  new  comer  frequency,  above  which  an  initial  steep  Gaussian-like  roll-off  is  followed  by  an  eventual  power-law  decay.  Such  a 
behavior  is  supported  by  computer  simulations  [Franke  and  Liu,  1983;  1985]. 

As  mentioned  earlier,  the  Fresnel  nulls  are  usually  height  smeared  throughout  the  irregularity  slab  (Liu  and  Yeh,  1977]. 
However,  when  the  slab  is  thin,  these  nulls  can  be  very  distinct  as  occasionally  being  observed.  For  the  bottomside  sinusoidal 
irregularities  in  the  equatorial  F  region,  these  Fresnel  nulls  up  to  the  seven  orders  have  been  observed  [Basu  et  al.,  1986a].  One 
proposed  explanation  is  that  such  irregularities  are  concentrated  in  a  layer  not  exceeding  50  km. 

Alternate  to  spectral  analysis,  the  scintillating  amplitude  can  be  processed  for  autocorrelation  functions.  The  time  lag  fen-  the 
normalized  autocorrelation  function  to  decrease  to  0.5  can  be  defined  as  die  correlation  interval.  It  has  been  found  that,  in  the  multiple 
scattering  regime,  the  correlation  interval  increases  with  frequency  because  the  decorrelation  brought  about  by  multiple  scattering 
decreases  [Umeki  et  al.,  1977].  On  the  other  hand,  in  the  weak  scatter  regime,  the  correlation  interval  is  controlled  by  Fresnel  filtering 
indicated  by  Kp  of  eq.  (4)  resulting  in  a  decrease  in  the  correlation  interval  as  a  function  of  frequency.  Therefore,  as  a  function  of 
frequency,  the  correlation  interval  will  increase  until  the  multiple  scattering  is  much  weakened.  Thereafter  it  is  followed  by  a 
decreasing  correlation  interval  when  the  frequency  is  high  enough  that  the  weak  scatter  theory  is  valid.  Experimental  support  to  this 
phenomenon  has  been  found  [Umeki  et  al.,  1977;  Yeh  and  Liu,  1982]. 

4.  SPATIAL  STRUCTURES 

The  spatial  structures  of  the  scintillation  pattern  on  the  ground  can  be  investigated  by  placing  more  than  one  receiver  there. 
Experimental  results  show  that  the  pattern  evolves  with  time  as  it  drifts.  Several  methods  have  been  developed  to  measure  the 
variations  of  the  drifting  pattern  [Briggs  et  al.,  1950].  Central  in  these  methods  are  two  velocities:  the  drift  velocity  V0  and  the 
characteristic  velocity  Vc.  These  methods  have  been  applied  to  the  scintillation  data  [Wemik  et  al.,  1983]  and  tested  for  internal 
consistency  [Vacchione  et  al.,  1987].  It  has  been  found  that  Briggs'  peak- value  method  yields  the  most  consistent  results.  Applying 
this  method  to  the  scintillation  data  recorded  on  April  23, 1983  at  Guam  [Spatz  et  al.,  1988],  the  drift  velocity  is  found  to  decrease  from 
about  150  m/s  to  70  m/s  in  a  matter  of  several  hours  as  shown  in  Fig.  6.  These  values  are  within  the  range  of  values  obtained 
elsewhere  [Yeh  et  al.,  1981;  Basu  et  al.,  1986b].  It  should  be  cautioned  that  the  apparent  drift  along  the  east-west  baseline  is  caused  by 
the  projection  of  the  vector  velocity  along  the  baseline,  which  has  both  the  vertical  and  horizontal  components.  Thus,  the  drift  velocity 
can  be  interpreted  as  the  zonal  velocity  only  when  the  vertical  movements  of  the  ionosphere  are  negligible. 

Another  parameter  that  can  be  deduced  from  the  spaced  receiver  data  is  Vr.  Originally  in  Briggs'  work,  Vc  is  used  to 
characterize  the  space-time  decorrelation  speed  as  the  scintillation  pattern  evolves  with  time.  The  more  recent  work  [Wemik  et  al., 
1983;  Vacchione  et  al.,  1987;  Spatz  et  al.,  1988]  has  related  Vc  to  the  rms  velocity  fluctuations  ov  in  a  locally  frozen  flow.  Using  the 
peak-value  method  Vc  for  the  same  data  as  shown  in  Fig.  6  has  been  computed  and  depicted  in  Fig.  7.  Also  shown  in  Fig.  7  are  values 
of  S4  index.  This  Figure  demonstrates  that  for  the  first  hour  and  a  half  after  the  onset  of  scintillation,  Vf  can  be  as  large  as  50  m/s 
which  is  about  one-third  of  V0.  Thereafter,  Vc  decays  rapidly  to  10  m/s  or  lower.  There  is  also  clear  indication  that  Vc  increases  to 
almost  twice  its  value  when  the  western  or  the  eastern  wall  of  the  irregularity  patch  is  approached.  The  decay  of  Vc  with  time  seems  to 
be  the  dominant  feature  at  the  equator.  A  mass  plot  of  Vc  for  eight  nights  is  given  in  Fig.  8.  The  decay  of  Vc  with  time  is  obvious  even 
though  the  rise  of  Vc  near  the  wall  of  a  scintillation  patch  is  smeared  out 

5.  CONCLUSIONS 

A  review  of  the  scintillation  method  applied  to  the  investigation  of  ionospheric  irregularities  has  been  made.  Interestingly,  the 
suggestion  of  ionospheric  irregularities  to  have  power-law  spectra  First  came  from  scintillation  measurements  [Procello  and  Hughes, 
1969;  Elkins  and  Papagiannis,  1969;  Rufenach,  1972].  Since  then  the  scintillation  measurements  have  been  expand*^  and  made  in 
conjunction  with  other  experiments  to  enhance  our  understanding  of  geomorphology  of  ionospheric  irregularities.  Such  an 
understanding  has  a  direct  application  to  satellite  communications. 
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Fig.  1.  Scintillation  index  S4  as  a  function  of  <(AN)2>1/2  at  125,  250  and  500  MHz.  The 
slab  of  irregularities  has  a  thickness  50  km  and  is  237.5  km  from  the  receiver. 
Computations  are  made  for  a  power-law  irregularity  spectrum  with  an  outer  scale  of  500 
m  and  a  spectral  index  of  4.  The  background  electron  density  is  1012  nr3.  [After  Yeh 
and  Liu,  1982). 
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Fig.  2.  Multistation,  multisatcllite  and  multifrequency  scintillation  data.  The  scintillation 
index  Sj is  calculated  from  experimental  data  according  to  formula  (2).  The  scintillation 
index  S?'  is  calculated  from  the  observed  data  at  a  highest  frequency  at  which  the  weak 
scatter  theory  is  valid  and  scaled  to  a  lower  frequency  by  using  the  scaling  law  (3)  with  n 
=  1.5.  [After  Rino  and  Liu,  1982]. 


Fig.  3.  Map  of  Alaska  showing  satellite  tracks  projected  to  an  ionospheric  height  of  350 
km  for  different  passes.  The  track  is  thickened  in  the  region  when  enhanced 
scintillations  were  observed  [After  Fremouw  et  al.,  19771. 
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Fig.  4.  Global  behavior  of  scintillation  fades  at  L  band  during  the  solar  maximum  and 
solar  minimum  conditions.  What  is  shown  is  the  worst  case  for  a  given  solar  epoch. 
[After  Basu  et  al.,  1988]. 


Fig.  5.  Measured  amplitude  power  spectra  slopes  for  20  nights  with  S4  <  0.5  at  a 
frequency  of  250.55  MHz.  Data  were  recorded  at  Guam  (12.4°N,  147 .0°E)  during  1982 
through  1983  of  signals  transmitted  by  the  Pacific  Ocean  Fleet  Satellite  (0.00°N, 
176.50°E).  [After  Spatz  et  al.,  1988J. 
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Fig.  8.  Mass  plot  of  Vc  for  eight  nights  for  the  data  recorded  at  Guam. 


DISCUSSION 


H.Rishbeth 

Does  there  exist  any  general  theory  of  the  origin  of  ionospheric  irregularities  at  mid- latitudes? 

Author’s  Reply 

As  reminded  by  Dr.  J.  Fejer,  there  was  a  theory  proposed  by  Perkins  in  a  paper  published  in  JGR  in  the  1%0's  or 
early  1970’s.  However,  the  field  of  mid-latitude  irregularities  has  not  received  much  attention  in  recent  years. 


E.Szuszczewicz 

Please  give  us  some  guidelines  on  what  you  would  think  are  quantitative  thresholds  for  power  spectral  index  and 
frequency  domains  most  likely  to  affect  different  propagation  channels  going  upwards  from  the  HF  to  the  gigahertz 
domain. 

Author’s  Reply 

In  the  review  paper  by  Kelly,  he  has  identified  four  regimes  and  he  calls  them  the  low.  intermediate,  transition  and 
high  frequency  regimes  using  different  wave  numbers.  As  far  as  the  scintillation  is  concerned,  the  important  regime  is 
near  the  Fresnel  zone.  That  depends  on  the  frequency  we  are  using,  but  would  be  of  the  order  of  a  kilometer  in  that 
region . 
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ABSTRACT 

Two  components  of  the  Extremely  Low  Frequency  (ELF)  electric  field  are  measured  on  hoard  the  low  altitude  (400—  2000 
km)  polar  orbiting  satellite  Aureol  -3.  At  high  latitude,  the  main  wave-field  component  observed  in  the  frequency  range  up  to 
a  few  hundred  Hertz  is  the  electrostatic  turbulence. 

The  frequency  spectrum  measured  in  the  satellite  reference  frame  usually  follows  a  power  law  (F.:a  E  .f  '*).  thus 
allowing  to  describe  the  turbulence  with  two  parameters  (amplitude  and  spectral  index).  These  characteristic  parameters  will 
he  discussed  in  relation  with  the  possible  free  energy  sources:  field-aligned  current,  particle  precipitation,  electron  density 
gradient. 

The  relation  between  the  frequency  spectrum  and  the  wave  number  spectrum  is  not  unambiguous.  However,  under  the 
hypothesis  of  time-independent  turbulence,  it  is  possible  to  deduce,  from  the  measurement  of  two  different  components  of 
the  electric  field,  the  anisotropy  of  the  wave  number  spectrum  of  the  turbulence.  The  method  used  for  this  determination  w  ill 
be  described  and  applied  to  physical  situations  observed  in  the  polar  cap.  in  the  auroral  zone,  and  in  sub-auroral  regions. 


DISCUSSION 


k.  Rawer 

( 1 )  La  resolution  de  vox  observations  ••'st-ellc  "satisfaisante*' dans  ic  sens  oil  unc  amelioration  technique  vers  des 
frequences  plus  elevees  puissc  encore  influencer  eonsiderablement  les  resuitats  obtenus.  ou  mcner  a  des  phenomencs 
qui  echappent  a  votre  experience? 

(2)  Quels  sont  vos  resuitats  obtenus  aux  latitudes  temperees? 

Author's  Reply 

( 1 )  We  have  systematically  stopped  our  frequency  analysis  at  20(1  f  lertz.  because  at  higher  frequencies  w  e  cannot 
separate  the  electric  field  of  the  electromagnetic  waves  from  the  electrostatic  wave  of  the  gradient  drift  turbulence. 

(2)  At  mid-altitudes  we  have  a  very  small  turbulence  which  is  much  smaller  than  at  high  latitudes.  The  turbulence  is 
greatest  in  the  auroral  zone  and  at  night. 
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SUMMARY 

A  preliminary  model  detailing  the  auroral  and  sub-auroral  nightly  behavior 
of  F  layer  i rregul air i ties  during  the  injection  and  recovery  phases  of  magnetic 
storms  is  outlined.  Initially  the  irregularities  spread  equatorwards  from  the 
auroral  region.  On  subsequent  nights  in  those  storms  where  Dst  slowly  returns 
to  its  zero  level  there  is  activity  at  auroral  latitudes  at  the  end  of  the 
magnetic  storm  and  finally,  relatively  high  irregularity  intensity  primarily  at 
sub  auroral  latitudes.  The  model  was  tested  with  observations  of  the 
irregularities  observed  during  the  September  1984  Equinox  Transition  Study. 
Observations  of  irregularities  and  incoherent  scatter  have  been  examined  for 
the  injection  phase  of  the  magnetic  storm  of  Sep  22  23.  The  concept  was  to 
determine  what  parameters  are  most  important  in  indicating  whether 
irregularities  are  preseat  over  a  range  of  latitudes  from  53*  CGL  to  78*  CGL. 
The  data  set  indicates  distinct  correlation  with  convection  velocities  in  the 
early  portion  of  the  storm  when  a  sub-storm  was  shown  on  magnetograms. 

In  the  latter  half  of  the  night  with  the  magnetic  storm  fully  developed, 
the  data  show  good  correlation  with  an  electron  deu?>ity  trough,  high  electron 
temperatures,  and  high  velocities.  For  the  recovery  phase  of  a  magnetic  storm 
another  period  in  the  ETS  is  examined  with  sub- auroral  irregularities  observed 
during  the  recovery  of  Dst  when  quiet  magnetic  conditions  prevailed.  The 
general  form  of  tbe  model  appears  to  ne  valid  but  many  aspects  of  tbe  timing 
and  the  magnitude  of  the  irregularity  intensity  are  to  be  determined. 


1.  INTRODUCTION 

Irregularities  in  the  F  layer  at  altitudes  ranging  from  220-550  km  are 
present  at  sub  auroral  and  auroral  latitudes  during  various  phases  of  magnetic 
storms.  A  model  has  been  developed  with  many  features  still  not  validated  by 
observations.  The  model  is  designed  to  show  the  behavior  of  F  layer 
irregularities  during  the  injection  and  recovery  phases  of  a  magnetic  storm. 

The  data  base  for  the  presence  of  irregulari ties  is  composed  of  spread-F  and 
scintillation  observations.  The  data  base  needed  to  determine  which  instability 
processes  are  operative  under  various  ionospheric  conditions  and  at  various 
latitudes  are  ionospheric  characteristics.  These  include  electron  density, 
electron  and  ion  temperature  and  convection  velocity.  These  parameters  are 
determined  from  incoherent  scatter  radars.  The  concept  in  this  note  is  to 
outline  a  model  of  irregularity  occurrence  at  sub  auroral  and  auroral  latitudes 
during  and  after  a  magnetic  storm.  Ve  use  case  studies  from  the  period  Sep.  15- 
26,  tbe  Equinox  Transition  Study.  From  these  case  studies  we  would  expect  to 
determine  which  of  the  ionospheric  parameters  appear  to  be  most  closely 
correlated  with  tbe  observations  of  irregularities  in  tbe  various  phases  of 
magnetic  storms;  however  further  studies  would  be  needed  to  test  the  hypotheses 
developed 


II a.  MODEL  DEVELOPMENT 


From  several  case  studies  (Aarons  et  al ,  1988)  the  temporal  development  of 
F-layer  auroral  and  sub  auroral  irregularity  activity  has  emerged.  It  is 
simplified  and  illustrated  in  Figure  1.  The  basic  concept  is  that  during  the 
early  stage  of  a  Magnetic  store,  auroral  processes  expand  to  sub  auroral 
latitudes  producing  conditions  for  creating  F-layer  irregularities.  Lower 
irregularity  intensities  are  observed  at  the  lower  latitudes.  On  the  day  of  the 
magnetic  storm  the  F- layer  irregular! ty  intensity  spreads  equatorwards 
encompassing  auroral  latitudes  plus  what  were  earlier  sub- auroral  regions; 
there  may  or  may  not  at  this  time  be  a  •trough*  in  irregularity  intensity 
(Buominer  et  al ,  1981).  When  the  magnetic  storm  wanes,  the  recovery  phase  of 
the  storm  occurs.  This  produces  F-layer  irregularities  of  moderate  intensity  at 
auroral  and  sub-auroral  latitudes  on  the  night  after  the  main  phase  of  the 
magnetic  storm.  When  the  magnetic  activity  has  completely  subsided  there  may  be 
(as  illustrated  in  the  night  of  Day  2)  irregularity  intensities  of  relatively 
high  level  at  sub-auroral  latitudes  with  little  activity  at  auroral  latitudes. 

The  Dst  index  exhibits  a  large  negative  excursion  in  the  injection  phase 
of  moderate  and  great  magnetic  storms  as  shown  in  Figure  1  which  is  derived 
from  curves  for  great  and  moderate  magnetic  storms.  For  the  nighttime  activity 
in  the  recovery  phase  we  have  hypothesized  that  the  ring  current  storage  of 
ions  and  release  of  energy  as  shown  by  the  slow  recovery  of  Dst  will  create 
conditions  for  producing  sub-auroral  irregularities  even  when  the  magnetic 
index  has  returned  to  low  values.  Th  is  has  been  shown  in  Aarons,  (1987)  and 
Aarons  et  al  (1988)  for  storms  in  March,  September  and  October  1981. 

It  should  be  noted  that  irregularities  during  the  day  at  sub  auroral 
latitudes  are  of  lower  levels  even  during  magnetic  storms. 


b.  THE  DATA  BASE 

The  data  base  for  determining  the  occurrence  of  irregularities  are 
observations  by  ionosondes  as  spread  F  and  by  recording  scintillations  on 
satellite  radio  beacon  signals.  A  large  number  of  data  sets  is  available  for 
this  study.  The  map  for  Figure  2  is  an  overall  picture  of  the  o\  rhead  location 
of  the  ionosondes  and  of  the  ionospheric  intersections  at  420  km  of  the 
satellite  beams  for  stations  in  the  region  near  70*  W  longitude.  The  conjugate 
position  of  the  ionosonde  at  Argentine  Islands  is  also  given.  The  figure 
includes  the  probing  region  of  the  Millstone  Bill  Incoherent  Radar  during  the 
case  studies  to  be  considered. 


The  data  sets  examined  include  the 
paths . 

Goose  Bay,  Labrador  (Beacon  Satellite) 
Halley  Bay,  Antarctica 
Sagamore  Bill,  MA  USA  (Beacon  Satellite) 
Goose  Bay,  Labrador  (FLT  W) 

Goose  Bay,  Labrador  (GOBS  3) 

S.  Uist,  UK 

Sagamore  Bill,  I1A  USA  (GOES  3) 

Sagamore  Bill,  HA  USA  (FLT  W) 

Slough,  UK 

Argentine  Islands,  Antarctica 
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In  addition  the  scintillation  of  NNSS  satellite  beacon  signals  at  150  MBs 
and  400  MB*  were  recorded  in  Kiruna,  Sweden  (68*  N  and  27*  E) .  The  satellites’ 
high  inclination  orbit  allowed  measurements  from  60*  to  80*  CGL  in  the  sector 
viewed  from  Kiruna. 

Thus  both  the  latitude  and  longitude  coverages  were  extensive  with 
observations  from  49*  CGL  to  80*  in  latitude  and  15*  E  to  80"  W  in  longitude. 


II.  THE  MAGNETIC  STORM 


a.  THE  MAGNETIC  STORM  DEVELOPMENT 

The  aagnetic  storm  of  interest  took  place  on  the  night  o'  Sep.  22-23, 

1984.  Since  most  of  the  observations  of  irregularities  were  'lone  in  the  70’ 

West  region,  we  shall  examine  in  detail  the  effects  of  magnetic  activity  using 
tagnetograms  f row  Ottawa,  Canada,  Fredericksburg,  Virginia.  USA,  and  Bailey 
Bay,  Antarctica.  Kp  during  this  period  (1200  Sep  22  to  1?J0  Sep  23)  was: 

3*  2  5*  5  5*  7  7  7 

The  H  component  of  the  Frericksburg  nagnetograa  for  the  night  of  Sep  22-23 
is  reproduced  in  Figure  3.  A  sub-storm  can  be  noted  starting  approxiaately  at 
2000-2015  UT  (1515  Local  Standard  Tiae  at  75*  W) .  The  AE  index  peaked  between 
2030  and  2100  with  the  upper  trace,  AU,  derived  froa  observatories  between  46* 

W  and  78*  West.  The  lower  trace  was  taken  froa  observatories  between  80*  and 
130*  East.  Strong  magnetic  activity  however  appeared  to  start  at  0215  UT  with 
very  active  variations  from  0430  through  1200.  We  can  isolate  the  two  periods 
in  our  analysis  of  70*  West  data,  characterising  them  as  afternoon  and  early 
evening  and  midnight-post  midnight.  A  more  dramatic  illustration  of  the  sub 
stora  will  appear  in  Figure  5,  a  tracing  of  the  aagnetogram  taken  at  Halley 
Bay . 

b.  THE  AFTERNOON  AND  EARLY  EVENING  PERIOD  (2000-2230  UT) 

In  Figure  4  we  have  plotted  irregularity  intensity  for  various  sites  near 
70*  W  in  an  effort  to  determine  the  timing  of  irregularity  occurrence  as  a 
function  of  latitude.  Intensity  of  irregularities  has  not  been  normalised  for 
each  of  the  observations.  Ionosonde  data  are  indicated  as  excursions  while 
scintillation  data  are  indicated  in  dB  or  excursion.  GOES  3  observations  are 
made  at  137  MBs  and  the  other  scintillation  studies  are  done  at  frequencies 
near  250  MBs . 

1.  The  Higher  Latitudes:  In  the  70*  West  region  irregularities  appeared  at 
the  higher  latitudes  at  2015  UT.  This  included  observations  from  Goose  Bay  for 
two  paths  at  70-75*  West.  For  the  Halley  Bay  longitude,  strong  spread  F  began 
at  1830  UT  and  probably  continued  but  was  obscured  by  auroral  absorption 
(Rodger  et  al  1981) . 

2.  The  Lower  Latitudes:  Using  Figure  4  and  concentrating  on  70*  W  data  the 
start  of  scintillation  activity  was  2015  UT  for  60.5*  (GOES  GB)  and  2130  for 
53*  (GOES  SH)  and  2300  for  49*  (Argentine  Islands) .  There  was  an  equatorward 
time  displacement .  The  timing  of  the  appearance  of  a  moderate  intensity  level 
in  the  70*  W  region  is  given  in  Figure  5  along  with  a  portion  of  the  Halley  Bay 
aagnetogram.  Throughout  the  paper  we  use  conjugate  points  interchangeably  to 
determine  general  activity  patterns  of  both  the  magnetic  field  and  the  F- layer 
irregularities  (Rodger  and  Aarons,  1988).  The  very  rough  velocities  'f  the 
initiating  mechanisms  yielded  an  equatorward  velocity  of  250  m/sec  in  the 
region  from  60.5  to  53*  and  100  m/sec  in  the  region  from  53*  to  49*. 

3.  However  for  two  paths  there  were  low  irregularity  intensities.  MARISAT 
recordings  at  52*  W  from  Goose  Bay  showed  little  displacement  in  this  time 
period.  This  is  indicative  of  sub  storm  behavior  with  irregularities  localised 
in  narrow  longitude  sectors.  For  the  FLTSATCOM  (E)  recordings  from  the  Boston 
area  at  63*  W,  but  at  low  latitudes  no  scintillations  were  observed  in  this 
time  period.  However,  the  observations  at  250  MHz  are  of  considerably  lower 
sensitivity  than  those  from  136  MHz  (GOES  3)  and  probably  from  the  ionosonde ’s 
recordings  of  the  presence  of  spread  F.  Thus  for  this  observation  the  high 
frequency  of  the  satellite  beacon,  the  confinement  of  the  irregularity  region, 
and  the  propagation  path’s  displacement  may  be  the  reasons  for  the  low  level  of 
irregularity  intensity  on  this  path.  In  addition  Slough  failed  to  note  spread  F 
during  this  early  time  period.  There  are  indications  that  the  irregularity 
intensity  extended  farther  equatorward  in  one  longitude  region  than  in  the 
region  from  0-60*  West.  S.  Uist,  polewards  of  Slough,  showed  spread  F 
throughout  this  time  period. 

c.  KIRUNA  OBSERVATIONS 

The  start  of  the  operational  program  to  observe  satellite  scintillations 
took  place  on  this  date  for  the  entire  program.  Thus  the  data  are  not  available 
before  2100  UT.  A  contour  map  of  the  results  of  observing  150  MBs  signals  from 
the  NNSS  satellites  is  shown  in  Figure  6a.  Probably  the  lowest  latitude  of  the 
.2  contour  of  S4  occurred  at  61*  near  2100.  The  higher  contours  indicate  that 
high  levels  of  irregularity  intensity  probably  occurred  after  the  start  of 
observations.  Both  the  .2  and  .4  contours  move  poleward  between  23  ITT  and  0130 
UT.  The  local  time  difference  between  the  Kiruna  data  set  and  the  70*  West 
meridian  is  approximate  6-7  hours  yet  the  descent  of  the  irregularity  regions 
occurs  at  the  same  LTT  as  the  70*  West  measurements.  This  is  indicative  of  the 
effect  of  magnetic  activity  on  lowering  the  latitude  of  the  region  where 
irregularities  are  observed  and  on  increasing  the  intensity  of  the  F- layer 
irregularities.  In  examining  Lerwick  aagnetograms  the  substorm  and  beginning  of 
the  magnetic  storm  are  quite  similar  to  those  from  Frericksburg  and  Ottawa.  The 
response  is  clearly  due  to  the  sub-storm  activity. 
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d.  THE  LATER  TIME  PERIOD 

After  a  period  of  relative  quiet  od  the  aagnetogr&ms,  the  Magnetic  field 
became  tore  variable  at  0215  UT  on  the  Ottawa  and  Fredericksburg  aagnetograas - 
Extremely  strong  variability  was  observed  from  0445-0630  and  froa  08-09VT.  The 
generally  high  level  of  irregularity  intensity  at  auroral  latitudes  can  be 
readily  seen  in  Figure  6b,  the  contours  of  irregularity  intensity  at  150  MBs  as 
observed  froa  Kiruna. 

The  Northern  latitude  group  showed  scintillation  activity  0530-1000.  At 
the  beginning  of  aagnetic  activity  the  irregularities  intensities  becaae 
apparent . 

Increased  irregularity  intensities  were  noted  at  the  lower  latitudes  in 
the  70*  lest  sector  beginning  at  0245  (Slough)  and  particularly  during  05-12  UT 
depending  on  longitude  and  latitude.  The  Argentine  Islands  ionosonde  showed 
intense  irregularities  0630-10  UT.  The  effect  of  increased  aagnetic  activity  is 
apparent. 


IV.  INCOHERENT  SCATTER  RADAR  DATA 

The  occurrence  of  F-layer  irregularities  as  a  function  of  latitude  near 
the  70*  V  aeridian  can  be  related  to  the  state  of  and  changes  in  the  local 
ionosphere  by  comparing  irregularities  with  the  F-region  observations  aade  by 
the  Millstone  Hill  incoherent  scatter  radar.  In  this  Section  we  present 
latitude  naps  of  convection  velocity  vectors  (Figure  7)  and  of  ionospheric 
temperature  and  density  (Figure  8a)  for  the  24- hour  interval  beginning  at  1600 
UT  on  Sep  22,  1984.  The  occurrence  of  scintillations  and  spread  F  during  this 
interval  is  indicated  in  Figure  8b.  Before  discussing  the  details  of  this 
combined  data  set  several  aspects  concerning  the  correlation  of  the  radar- 
deduced  parameters  with  the  observed  levels  of  F-layer  irregularity  intensity 
should  be  considered.  One  is  the  displacement  of  the  intersections  of  the  420 
ka  ionospheric  intersection  point  in  longitude  with  respect  to  the  probing  area 
of  the  radar.  This  will  lead  to  discrepancies  in  tiaing  of  phenomena.  Secondly 
the  time  for  instabilities  to  fully  develop  under  a  set  of  circumstances  is 
difficult  to  assess  until  the  precise  mechanism  is  understood.  Finally  as 
pointed  out  by  Kelley  et  al  (1982)  and  Vickrey  et  al  (1982)  the  duration  of  the 
F  layer  irregularity  regions  is  lengthy  so  that  persistence  plays  a  role  in 
establishing  a  correlation  of  phenomena.  The  attempt  in  this  note  is  to  point 
out  similarities  in  development  of  irregularities  and  F-layer  characteristics. 

The  observing  mode  used  at  Millstone  Hill  during  the  ETS  experiment 
consisted  of  paired  elevation  scans  with  the  150-foot  steerable  antenna  from 
north  to  south  along  adjacent  meridians.  This  observing  technique  has  been 
described  in  detail  by  Oliver  and  Salah  (1988).  Sets  of  line  of-sight  velocity 
observations  at  roughly  the  same  aagnetic  latitude  were  combined  to  determine 
the  vector  plasma  convection  velocity  at  each  latitude  with  roughly  45  minute 
time  resolution.  These  data  are  presented  in  Figure  7  in  clock-dial  geodetic 
latitude- magnetic  local  time  format  and  serve  to  indicate  the  direction  of  the 
plasma  convection.  Contour  plots  of  the  magnitude  of  the  convection  velocity 
are  presented  in  Figure  8a  for  a  more  direct  comparison  with  the  irregularity 
occurrence  data  showo  in  Figure  8b.  That  figure  is  an  overlay  of  scintillation 
and  spread-F  activity  with  intense  irregularities  shown  as  solid  fill  and 
dotted  fill  indicating  moderate  levels  for  a  particular  frequency  and 
observatory . 

1 .  Convection 

The  earlier  period  of  strong  local  irregularities  (21-24  UT  on  Sep  22) 
coincided  with  a  strong  enhancement  of  the  afternoon  sector  westward  convection 
velocity  which  extended  equatorward  to  near  40*  latitude.  There  is  no 
indication  of  higher  latitude  irregularities  being  convected  equatorward.  The 
relatively  high  convection  velocities  at  46-48*  geographic  latitude,  the  GOES  3 
intersection  froa  Goose  Bay,  can  also  be  seen  in  the  contours  beginning  at  or 
just  before  2000  UT  the  start  of  the  substorm  (Figure  8a).  It  should  be  noted 
that  the  propagation  angle  intersection  latitude  is  a  function  of  the  altitude 
chosen  for  the  oblique  path.  At  2200  there  are  isolated  velocities  of  150  a/sec 
reported  for  the  latitudes  equatorwards  of  Millstone  Hill.  As  shown  in  Figure  4 
the  60* -62*  CGL  high  latitude  scintillation  starts  near  2030  while  the  lower 
latitude  scintillation  and  spread  F  commence  froa  2230  uo  2300,  the  observed 
time  of  the  short  period  of  the  lower  latitude  high  convection. 


A  second  interval  of  enhanced  convection  velocity  begins  at  the  highest 
latitudes  saapled  near  24  UT  and  progresses  equatorward  reaching  its  lowest 
latitudes  between  0030  and  0200  UT.  At  all  latitudes  the  created  irregulari uies 
endured  during  this  ti»e  period  even  when  the  convection  diminished.  Velocities 
decreased  between  0230  and  0500  ITT  at  all  latitudes  as  the  convection  reversal 
was  crossed  (although  some  velocity  data  are  missing  within  ohe  trough  (cf 
Figure  8e)  where  the  density  was  very  low).  For  53*  scintillations  stopped  at 
02  UT ;  the  Argentine  Islands  intersection  did  not  observe  spread  F  for  several 
hours  after  24  UT.  These  observations  suggest  that  if  the  convection  velocity 
is  involved  in  generating  the  irregularities,  there  is  a  slight  delay  in 
creating  the  conditions  responsible  for  the  irregularities.  The  latitudinal 
extent  of  the  enhanced  velocities  is  limited  by  the  shielding  of  the  inner 
■agnetosphere,  but  time  dependent  effects  near  the  inner  edge  of  the  ring 
current  (eg  Foster  and  Aarons,  1988)  could  be  responsible  for  velocity- 
dependent  irregularity  formation  at  relatively  low  latitudes  during  dynamic 
events . 

Strong  eastward  velocities  were  observed  poleward  of  Millstone  Hill  after 
06  UT  while  erratic  aeasureaents  were  seen  in  the  low  density  trough  region  to 
the  south.  A  second  period  of  strong  irregularities  was  associated  with  the 
enhanced  convection  velocity  and  was  seen  at  the  lower  latitude  observing 
points  as  the  enhanced  velocity  progressed  equatorward  along  the  aeridian.  In 
this  part  of  tbe  night  Slough  showed  spread  F  froa  0245-0500  UT,  possibly 
indicating  that  the  convection  velocities  were  very  high  at  that  longitude 
during  the  interval.  After  1030  UT  convection  velocities  observed  froa 
Millstone  Bill  decreased  significantly  as  did  the  irregularity  intensity 
observed  along  the  70*  KW  aeridian. 

2.  Electron  Teaperature 

Contours  of  electron  teaperature  in  tbe  topside  F  region  along  the 
Millstone  Fill  aeridian  are  shown  in  Figure  be  A  data  gap  is  collocated  with 
the  trough  and  extends  froa  52*  at  01  UT  to  38*  at  05  UT.  Although  the 
electron  teaperature  increases  draa&tically  as  the  density  drops  as  the  trough 
is  entered  at  a  gives  position,  no  specific  features  of  the  teaperature  data 
appear  to  correlate  with  the  occurrence  of  irregularities  shown  in  Figure  8b. 


3.  Electron  Density 

A  deep  ionospheric  total  density  trough  progressed  equatorward  along  the 
Millstone  Hill  aeridian  during  this  event  as  is  often  the  case  during 
disturbed  evening  sector  conditions.  Figure  8d  presents  iso-density  contours 
which  describe  the  teaporal  variation  of  the  density/altitude  profile  overhead 
at  Millstone  Hill  (42*  latitude)  through  the  event.  The  trough  passed  over  the 
station  at  0400  UT  and  represented  a  decrease  in  density  of  at  least  a  factor 
of  10  at  each  altitude.  Figure  fie  presents  contours  of  tbe  F-region  peak 
density  in  the  format  of  Figure  8b  which  clearly  show  the  equatorward 
progression  of  the  trough  along  the  70*  1  aeridian.  The  trough  remained  3* -4* 

wide  and  the  F  region  was  enhanced  by  a  factor  of  10  on  its  poleward  side.  The 
contours  of  F-regioq  density  indicate  that  during  the  first  appearance  of 
lower  latitude  F-region  irregularities  (21-02  ITT)  the  stations  Baking  the 
observations  were  all  equatorward  of  tbe  trough  and  there  were  no  large-scale 
density  blobs  apparent.  It  is  noteworthy  that  the  ainiaua  in  irregularity 
amplitude  observed  at  each  station  (Figure  8h)  between  00-06  UT  occurred  as 
the  density  trough  passed  over  each  site.  The  second  enhancement  of 
irregularities  occurred  as  tbe  stations  saapled  the  ionosphere  poleward  of  the 
trough. 


V.  CONTRAST  IN  SUB  AURORAL  IRREGULARITIES  DURING  THE  RECOVERY  PERIODS  OF  A 

MAGNETIC  STORM  AND  DURING  AN  EXTENDED  MAGNETICALLY  QUIET  PERIOD 

An  exaaple  of  the  difference  in  sub- auroral  F-region  irregularity 
intensity  in  the  recovery  period  of  a  aagnetic  stora  (Sep  21-22)  compared  with 
the  exterded  quiet  period  of  Sep  15-19  could  be  found  io  this  data  set. 

The  comparison  was  aade  in  the  following  wanner.  The  aaxiaua  excursion  of 
scintillation,  the  aaxiaua  scintillation  index,  or  the  aaxiaua  frequency  spread 
as  noted  on  the  ionograas  that  was  recorded  for  each  individual  observatory 
during  the  entire  tiae  period  was  given  the  value  of  1.  This  was  in  aost  cases 
the  value  reached  during  the  magnetic  stora  of  Sep  22-24.  The  ratio  of 
irregularity  intensity  in  the  midnight  tiae  period  of  each  of  the  three  nights 
to  this  high  level  is  plotted  in  Figure  9.  The  nights  chosen  represented  the 
various  stages  of  a  aagnetic  stora;  thus  we  have  plotted  tbe  relative  change  of 
irregularity  intensity.  The  period  encompassed: 


(a)  a  night  (Sep  18-19)  when  there  had  been  *  long  period  of  uf  letic  quiet  (Kp 
for  the  night  ns  2)  when  only  Ion  level  irregularity  intensity  was  observed 
across  the  network  of  stations 

(b)  a  storw  day  (Xp=4+)  (Sep  19-20)  when  irregularity  intensity  was  high 

(c)  a  night  (Sep  21-22)  when  Kp  was  low  (2)  but  the  sub-auroral  region  had 
relatively  high  levels  of  irregularity  intensity.  Thus  considerably  wore 
intense  irregularities  are  observed  during  storw  recovery  coapared  with  a  day 
of  siailar  geowagnetic  activity  (Sep  18-19)  prior  to  a  storw. 

The  data  showed  that  the  night  of  Sep  21-22  with  low  wagnetic  activity  in 
the  recovery  phase  of  the  magnetic  storm  bad  levels  of  irregularities  in  the 
sub- auroral  region  siailar  to  those  of  a  magnetically  disturbed  night  (Sep  19- 
20) .  A  night  before  the  onset  of  aagnetic  activity  (Sep  17-18)  with  the  same 
level  of  aagnetic  activity  as  the  recovery  oight  had  little  or  no  irregularity 
intensity  at  sub-auroral  latitudes. 

The  aonth  of  September  1984  was  a  period  with  several  magnetic  storms  and 
large  displacements  of  Dst  even  though  the  solar  flux  was  relatively  low.  The 
general  activity  pattern  can  be  seen  in  Figure  10  by  the  plot  of  scintillation 
levels  at  53*  CGL  froa  the  GOES  satellites.  The  agreement  between  the  pattern 
of  Dst  levels  and  sub-auroral  intensity  levels  can  readily  be  seen  froa  this 
diagram.  The  active  periods  of  the  months  are  clearly  distinguishable  froa  the. 
quiet  periods  when  Dst  was  low.  In  line  with  the  model  one  can  note  that  sub- 
auroral  irregularities  exist  not  only  during  periods  when  Dst  is  actively  going 
negative  but  during  the  slow  recovery  of  Dst  to  its  sero  value.  In  addition 
however  one  can  note  that  the  model  is  highly  idealised. 


VI.  DISCUSSION 

The  intensity  and  occurrence  of  F-region  irregularities  at  auroral 
latitudes  has  been  covered  by  earlier  work  (Kino  and  Matthews,  1980,  Aarons, 
1982).  Studies  using  scintillations  as  recorded  at  Slough  (Braaley,  1974)  have 
shown  the  lack  of  correlation  with  aagnetic  indices.  In-situ  studies  have  shown 
the  presence  of  sub-auroral  irregularities  (Clark  and  Raitt,  1976) . 

The  wodel  presented  has  different  phases  of  a  aagnetic  storm  acting 
probably  under  different  instability  conditions.  Just  as  in  pictures  of  the 
development  of  predominantly  100  km  auroral  forms,  during  the  initial  phase  of 
a  storm  there  is  an  expansion  equatorwards  (we  do  not  deal  with  the  expansion 
polewards).  The  F-layer  irregularities  gradually  encompass  what  were  sub- 
auroral  latitudes  with  levels  lower  than  the  intensity  of  the  auroral 
irregularities. 

We  have  shown  (Aarons  et  al ,  1988)  that  periods  of  relative  high 
irregularity  intensity  normally  occur  at  sub-auroral  latitudes  during  the 
recovery  phase  of  a  geomagnetic  storm  when  Dst  is  appreciably  negative; 
irregularities  are  rare  when  Dst  hovers  near  0  nT.  The  ring  current  is  the 
major  source  of  free  energy  in  the  magnetosphere  and  plasmasphere  that  could 
provide  the  necessary  additional  energy  for  plasma  instabilities  to  occur  in 
the  sub-auroral  F  layer.  There  is  considerable  complementary  evidence  for  this 
conclusion.  For  example,  stable  auroral  red  arcs  (SAK  arcs)  are  m  common 
occurrence  for  several  nights  after  significant  geomagnetic  disturbances.  In 
addition  it  has  been  shown  that  F-layer  irregularities  are  closely  associated 
with  SAR  arcs  (Rodger,  1984;  Aarons,  1987  and  the  references  tberei^L  The 
energy  for  the  SAR  arcs  comes  from  the  ring  current  (Kosyra  et  al,  PR7,  Slater 
et  al,  1987).  Thus  the  ring  current  acts  as  an  energy  reservoir  for  several 
days  after  geomagnetic  activity  (Kp  and  Ap)  has  diminished.  It  is  proposed  that 
the  ring  current  energy  provides  the  source  for  creating  the  instabilities  at 
sub- auroral  latitudes  as  well  as  SAR  arcs. 

We  do  not  propose  a  simple  correlation  between  Dst  and  irregularity 
intensity  at  sub-auroral  latitudes.  The  ring  current  consists  of  protons, 
oxygen,  helium  and  other  ions  with  injection  for  any  storm  differing  both  from 
the  percentage  of  added  ions  and  their  energies.  In  addition  both  charge 
exchange  and  ion  cyclotron  waves  produced  by  scattering  of  ring  current  ions 
have  been  proposed  as  possible  mechanisms  for  the  gradual  return  of  the  ring 
current  to  its  quiet  level.  Until  a  definitive  mechanism  has  been  accepted  for 
the  generation  of  the  sub- auroral  irregularities,  one  cannot  nee  simple 
correlation  studies. 

As  for  the  correlation  of  high  convection  velocities  and  the  occurrence  of 
irregularities  one  example  is  available  of  primarily  daytime  observations 
(Foster  and  Aarons,  1988) .  The  generation  of  irregularities  during  shear 
conditions  has  already  been  shown  (Basu  et  al,  1984)  and  it  appears  likely  that 
the  high  convection  levels  produce  the  necessary  conditions  during  these  storm 
periods. 
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In  a  review  (Tsunoda,  1988)  found  that  the  very  large  scale  structures  in 
the  polar  ionosphere  were  produced  by  aagnetic- flux -tube  interchange  processes 
with  particle  precipitation  and  some  kind  of  wave  activity  contributing  to  the 
snaller  scale.  Bowever  the  strong  irregularities,  Tsunoda  concluded,  appear  to 
be  controlled  by  the  B  x  B  instability.  Auroral  irregularities  are  produced 
near  auroral  boundaries  where  spatially  varying  convection  allows  significant 
slip  velocities  to  develop  and  where  the  B  region  Pedersen  conductance  is  low. 
Irregularities  also  nay  be  generated  under  conditions  when  the  electric  field 
is  tiae-v&rying  with  periods  less  than  an  hour  (substoras  and  pulsation  events) 
provided  that  the  underlying  E  layer  is  not  highly  conducting. 


summary 

This  set  of  data  indicates  that  F  layer  irregularities  in  their  tiwe  of 
appearance  and  in  the  latitudinal  extent  are  correlated  with  high  convection 
velocities  recorded  at  their  latitudes.  In  the  early  evening  portion  of  the 
data  set,  there  was  no  indication  of  irregularities  arising  froa  auroral 
activity  and  woving  equatorwards  nor  was  there  in  the  widnight  and  post- 
■idnight  periods  since  the  convection  pattern  north  of  MH  was  nostly  BW. 
However  there  were  consistently  high  EV  velocities  at  the  lower  latitudes  when 
scintillations  or  spread  F  was  observed.  A  slight  increase  in  electron  density 
was  noted  at  275  ka  during  the  early  period  of  scintillations  (at  42*  Latitude) 
but  the  increase  scarcely  reseabled  the  abloba  as  depicted  in  the  literature. 
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Figure  1.  Picturieation  of  F- layer  irregularity  intensity  at  auroral  and  sub- 
auroral  latitudes  during  a  magnetic  storm.  Initially  the  auroral  latitudes  show 
intense  irregularities  at  the  beginning  of  the  storm.  With  a  time  delay  the  F- 
layer  irregularities  expand  but  the  intensity  diminishes  away  from  the  auroral 
region.  With  the  subsiding  of  the  magnetic  activity  the  auroral  irregularities 
decrease  in  intensity,  the  sub-auroral  irregularities  exist  even  with  lower 
magnetic  activity.  Dst  slowly  returns  to  normal;  sub-auroral  irregularities 
slowly  return  to  lower  levels. 


SEP  84 

Figure  2.  Map  of  soae  of  the  ionospheric  intersections  (at  420  ka  for  the 
satellite  beacons)  and  the  ioaosoodes  used  ix>  this  paper.  Coverage  area  of 
Millstone  Hill  incoherent  scatter  observations  for  this  period  is  also  given. 
Millstone  Hill  took  data  at  330*,  0*,  180*  and  210*  aniauths.  The  scintillation 
observations  froa  the  Boston  area  are  open  circles.  Tbe  scintillation 
observations  froa  Goose  Bay  are  solid  dots. 
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Figure  3.  The  B  component  of  the  Frericksburg  aagnetograa  for  the  period  of 
interest  Sep  22-23,  1984. 
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Figure  4.  Spread  F  and  scintillation  data  tor  the  70*  test  longitude  region  tor 
the  period  of  the  magnetic  bay  (2000-2300  UT) .  See  also  Figure  S.  Amplitudes, 
shown  are  only  relative  to  eaxiaua  values  observed  for  a  particular  location 
and  a  particular  observing  frequency.  The  graph  is  developed  to  illustrate  the 
temporal  developaent  of  activity  rather  than  to  compare  absolute  values  of  tbe 
irregularity  intensity . 


22  September  1984 


displaceaent  of  irregularity  occurrence  at  2100  UT  Sep.  22-23  in 
i°_,  Th*  equ'torwd  d«U*  the  start  of  the  irregularities  is 

graphed.  The  Halley  Bay  ugnetogrui  for  the  period  is  also  shown. 
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OBSERVATIONS  FROM  KIRUNA  OF 

150  MHz  SCINTILLATIONS  (S4) 
SEP  22-23,  1984 


Figure  6a.  Contour  aap  of  scintilUtion  indices  (S4)  at  ISO  MBs  «ith  data  taken 
at  Kiruna,  Seeden.  Data  is  for  the  night  of  Sep.  22-23 


150  MHz  SCINTILLATIONS  (S4) 

SEP  23-24,  1984 

Figure  6b .  Scintillation  lerels  for  data  taken  at  Kiruna  on  the  night  of  Sep. 
23-24. 
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Figure  7.  Millstone  Hill  convection  diagraa  for  the  night  of  Sep  22-23  The- 
tiae  period  encoapasses  1600  UT  on  Sep  22  to  1600  ITT  on  Sep  23.  Local  tiae  is 
noted  on  the  outer  edge  of  the  diagraa.  Geodetic  latitudes  are  plotted. 
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Figure  8a.  Convection  velocities  as  observed  by  tbe  Millstone  Hill  radar  as  a 
function  of  latitude. 
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Figure  8b.  Scintillation  and  spread  F  activity  du:  ing  the  early  portion  of  tbe 
Sep  22-23  night. 


Figure  8«.  Peak  electron  density 
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Figure  ft.  The  relative  occurrence  of  irregularities  over  20*  for  three  local 
Midnight  periods  in  September  1984.  The  data  were  normalised  for  each 
propagation  path  separately  with  a  value  of  1  as  the  Maximum  level  observed 
over  the  period  Sep  16-26,  1984.  The  nights  are  representative  of  a  quiet 
period  (18-19),  a  geomagnetical ly  active  period  (19-20),  and  a  storm  recovery 
period  (21-22).  The  relatively  high  levels  of  irregularity  intensity  can  be 
noted  for  the  night  of  21-22  compared  to  the  night  which  had  similar  magnetic 
activity  (18-19). 
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Figure  10.  Dst  and  Scintillation  Index  variations  (Sagamore  Bill  GOES  3  at  137 
tills)  for  the  month  of  September  1984 


DISCUSSION 


P.Vila 

Do  you  think  maintenance  of  strong  irregularities  has  a  LT  dependence?  This  could  be  important  at  mid-latitudes 
where  the  E  layer  conductivity  might  cut  off  the  electric  fields  necessary  to  maintain  F  region  irregularities. 

Author's  Reply 

We  think  so,  and  are  looking  into  this  dependence,  which  is  so  strong  at  equatorial  latitudes. 
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SUMMARY 

New  sophisticated  HF  coherent  radars  have  been  installed  in  the  past  few  years  at  very  high 
latitudes.  The  APL  Goose  Bay  radar  and  the  French  SHERPA  radar  in  Schefferville  are  the  two  components 
of  the  Polar  Region  Ionospheric  Structure  Monitor  (PRISM)  operating  in  Canada.  These  instruments  detect 
irregularities  within  the  three-dimensional  volume  covering  much  of  northeastern  C..r**da  and  Greenland. 
They  are  capable  of  following  the  temporal  variability  of  these  irregularities  as  well  as  determining 
unambiguously  the  Doppler  shift  and  spectral  broadening  of  radar  signals  scattered  by  them. 

The  scientific  goals  of  the  program  concern  both  the  physics  of  the  small-scale  structures 
and  the  mapping  of  large-scale  plasma  convection.  Several  case  studies  of  plasma  mechanisms  generating 
the  smaU-sealc  density  structures  have  already  be*>n  published.  The  temporal  and  spatial  variability  of 
the  large-scale  irregularity  structures,  as  seen  by  the  radars,  is  also  investigated.  The  relationship 
between  the  radar  Doppler  velocity  and  the  plasma  drift  velocity  Las  been  confirmed. 

We  emphasize  in  this  paper  the  potential  of  the  system  for  studying  global  ionospheric  dyna¬ 
mics.  When  combining  the  two  radial  velocities  measured  by  each  radar,  one  derives  a  two-dimensional 
map  of  plasma  convection  and  electric  fieid  over  a  region  as  large  as  2  million  square  kilometers,  with 
a  fine  temporal  and  spatial  resolution  in  the  auroral  region  and  over  the  polar  cap. 


INTRODUCTION 

The  coherent  radar  technique  is  now  well  established  as  a  tool  for  studying  both  plasma 
structure  and  ionospheric  dynamics  of  the  high-latitude  ionosphere.  In  the  VHF  frequency  band,  the  STARE 
system  has  pioneered  observations  of  E  region  phenomena  (Greenwald  et  al.,  1978)  and  similar  instruments 
(SABRE,  BARS)  have  been  developed  in  other  parts  of  the  world.  Simultaneously,  new  sophisticated  radars, 
operating  at  HF  frequencies,  have  been  installed  in  the  auroral  and  polar  regions  (Hanuise  et  al.,  1981 ; 
Greenwald  et  al.,  1983,  1985).  They  complement  the  instruments  operating  at  higher  frequencies  by  exten¬ 
ding  their  latitude  and  altitude  coverage. 

It  is  indeed  well  known  that  coherent  radars  detect  backscatter  from  ionospheric  irregulari¬ 
ties  which  are  aligned  along  the  earth's  magnetic  field.  As  a  matter  of  fact,  they  perform  a  spatial 
Fourier  transform  of  the  density  fluctuations  present  at  various  scale  sizes  and  pick  up  those  with  a 
wavelength  equal  to  half  the  radar  wavelength.  Moreover,  the  detection  is  possible  in  backscatter  only 
when  the  incident  wave  vector  becomes  normal  to  the  magnetic  field.  This  condition,  called  aspect  sensi¬ 
tivity  or  normality  condition,  can  be  reached  more  easily  with  HF  radarsdue  to  the  wave  refrac¬ 
tion  (Fig.  1). 

At  high  latitudes,  the  earth’s  magnetic  field  is  nearly  vertical  and  its  dip  angle  increases 
with  increasing  latitude.  As  a  consequence  of  the  earth’s  curvature,  the  normality  condition  can  only  be 
achieved  if  the  ray  path  is  refracted  towards  the  horizontal  as  the  wave  enters  the  ionosphere  .  The 
wave  transmitted  by  a  VHF  radar  has  a  frequency  well  above  the  maximum  local  plasma  frequency,  and 
therefore  propagates  along  a  straight  line.  It  does  not  fulfill  the  aspect  sensitivity  condition,  except 
in  the  auroral  E  region,  where  all  VHF  radars  operate.  HF  radars  do  not  suffer  the  same  limitation,  as 
their  operating  frequency  is  of  the  order  of  the  local  plasma  frequency.  The  refraction  is  then  suffi¬ 
ciently  large  that  the  wave  reaches  perpendicularity  to  the  magnetic  field.  Such  radars  operate 
therefore  successfully  in  both  the  E  and  F  regions  at  auroral  and  polar  latitudes. 

Observations  of  F-region  irregularities  with  modern  coherent  HF  radars  were  reported  first 
with  the  SAFARI  (Scandinavian  And  French  Auroral  Radar  Investigation)  system  in  Scandinavia  (Hanuise  et 
al.,  1981).  Similar  observations  were  performed  by  the  Applied  Physics  Laboratory  group  in  Alaska,  using 
a  computer  controlled  system  (Greenwald  et  al.,  1983).  As  a  follow  on,  a  cooperative  program  was  set  up 
around  two  similar  HF  radars  installed  in  northern  Canada  (Greenwald  et  al.,  1985).  This  program,  known 
as  PRISM  (Polar  Region  Ionospheric  Structure  Monitor)  is  aimed  at  studying  both  the  physics  of  the  iono¬ 
spheric  plasma  and  the  electrodynamics  of  the  very  high  latitude  ionosphere.  In  this  paper,  we  study  the 
derivation  of  global  scale  patterns  of  plasma  convection  from  preliminary  data  obtained  with  the  PRISM 
system.  Firstly,  we  present  the  technical  characteristics  of  the  two  radars  and  the  scientific  objecti¬ 
ves  of  the  program.  Then  we  look  into  the  problems  related  to  the  derivation  of  the  bulk  plasma  drift 
from  the  radar  Doppler  velocities.  We  also  present  data  for  several  periods  and  discuss  the  validity  of 
the  two-dimensional  maps  of  the  plasma  flow.  Finally,  we  emphasize  the  potentiality  of  such  radar  sys¬ 
tems  for  studying  large  scale  ionospheric  dynamics. 


DESCRIPTION  OF  THE  RADAR 


The  PRISM  program  consists  in  two  HF  coherent  radars  operated  by  the  Johns  Hopkins  Universi- 
ty/APL  and  several  French  groups,  respectively  in  Goose  Bay,  Labrador,  and  Scheffervi 1 le,  Quebec.  The 
API.  radar  has  beer,  in  operation  since  October  1983  while  the  Scheffervi  1  le  radar  has  teen  Installed 
later,  with  limited  observations  starting  in  early  1986.  Both  radars  have  basically  the  same  characte¬ 
ristics  which  were  detailed  in  a  paper  by  Greenwald  et  al.  (1985).  Therefore,  we  shall  only  describe 
here  the  main  parameters  of  the  system. 

The  radars  are  capable  cf  broadband  operations  between  8  and  20  MHz,  such  as  to  optimize  the 
ray  propagation  and  achieve  the  normality  condition.  Indeed,  the  high  ...--ltude  ionosphere  is  affected  by 
both  diurnal  variations  and  geomagnetic  disturbances.  The  associated  variability  in  the  electron  density 
causes  an  HF  wave  to  undergo  different  amount  of  refraction  in  the  course  of  a  day.  It  may  be  necessary 
to  operate  a  radar  over  an  extended  frequency  range  to  determine  the  best  f-^quency  for  backseat  ter 
observations,  or  to  examine  the  entire  ionospheric  volume  at  any  particular  time.  The  broadband  opera¬ 
tion  depends  on  the  radar  itself,  and  on  the  antenna  array  which  is  made  of  ' 6  log-periodic  ant er.  .as 
(8  in  Schefferville)  used  for  both  transmitting  and  receiving.  The  associated  azimuthal  resolution  is  of 
the  order  of  3.5  degree  (7  deg.  in  Schefferville).  The  beam  formed  by  the  array  may  be  directed  into  one 
of  16  possible  directions,  covering  an  azimuthal  sector  of  50  degrees  centered  on  magnetic  north  in 
Goose  Bay.  Such  a  phasing  system  is  not  yet  operating  in  Schefferville,  where  the  beam  is  directed  in 
Lhe  azimuth  15°  East.  The  resulting  field  of  view  of  the  two  radars  is  shown  in  Fig.  2.  One  can  see  that 
the  viewing  area  covers  a  very  large  part  of  the  high-latitude  ionosphere  and  encompasses  the  nominal 
field  of  view  of  the  Sorcdre  Strornf jord  incoherent  scatter  radar. 

The  two  radars  are  fully  computer  controlled,  for  the  definition  of  operating  parameters 
(frequency,  viewing  direction,  integration  time,  pulse  length...)  as  well  as  for  the  digitizing  and  pre¬ 
processing  of  the  data.  Transmission  is  usually  performed  in  a  multipulse  mode  with  7-pulses,  giving 
access  to  16  lags  of  the  auto-correlation  function  (ACF).  Individual  transmitters  are  used  for  each 
antenna,  with  a  peak  power  of  1  kW  at  Goose  Bay  and  900  W  in  Schefferville.  The  ACF  values  are  computed 
in  real  time  and  written  on  digital  magnetic  tapes  together  with  the  radar  parameters.  Other  parameters 
of  interest  are  the  spatial  resolution,  usually  20  km  in  the  radial  direction  and  3.5  deg.  in  r.ne  azi¬ 
muthal  direction,  and  the  resolution  usually  5s  for  observation  along  one  beam  and  hence  803  tc 

derive  a  map  comprising  the  16  available  viewing  direct  Lons.  The  Goose  Say  radar  is  also  capable  of 
measuring  the  elevation  of  the  incoming  backscattered  wave  through  the  phase  difference  between  the 
antenna  array  and  a  second  array  located  parallel  to  the  first  one  and  located  at  a  distance  of  ’00  m. 

The  scientific  goals  of  the  program  are  related  to  the  local  physics  of  ionospheric  irregula¬ 
rities  and  tc  the  global  scale  electrodynamics  of  the  ionosphere.  Indeed,  several  studies  have  already 
been  achieved  with  the  Goose  Bay  radar  alone  in  these  fields  (e.g.  Baker  et  al . ,  1986;  Ruohoniemi  et 
al.,  1987;  Villain  et  al,,  1987).  Both  E  and  F  region  irregularities  are  detected  with  the  PRISM  radars. 
Among  the  problems  to  be  addressed  are  their  generating  mechanisms,  the  relation  of  10-m  wavelength 
irregularities  with  larger  scale  structures,  the  respective  role  of  precipitations  and  transport  in 
the  ionization  structure.  The  irregularity  motion  is  also  used  to  map  the  plasma  convection  on  a  global 
scale.  To  be  fully  explored,  the  subject  needs  to  use  the  scanning  capability  or.  the  two  *~adars.  We  have 
nevertheless  started  preliminary  studies  in  the  present  configuration,  with  the  Goose  Bay  radar  scanning 
in  16  directions  over  50  degrees  ir.  azimuth  and  the  Srheffervil le  radar  looking  in  a  fixed  direction, 
intersecting  the  other  radar  field  of  view. 

DERIVATION  OP  TWO-DIMENSIONAL  MAPS 

It  may  seem  straightforward  to  derive  two-dimensional  rr.ap3  of  plasma  velocity  from  *r.e 
radiaL  Doppler  velocity  measured  by  each  radar,  but,  in  the  present  case,  we  are  only  able  to  combine  a 
limited  number  of  points,  located  at  the  intersection  between  the  fixed  beam  of  the  Schefferville  radar 
and  the  field  of  view  of  the  Goose  Bay  radar.  A  specific  method  should  be  designed  to  construct  velocity 
vectors  over  the  whole  field  of  view.  Moreover,  two  questions  come  to  mind  when  napping  the  plasma  flew 
with  HF  coherent  radars.  The  first  one  concerns  the  equality  between  the  Doppler  velocity  and  the  ion 
drift,  whereas  the  second  addresses  the  problem  of  geographical  localization  of  the  backscatter. 

Few  instruments  derive  the  Ionospheric  plasma  flow  from  simultaneous  observations  along  two 
different  directions.  Considering  incoherent  scatter  radars,  only  E1SCAT  has  this  capability,  due  to  its 
three  receiving  stations.  Both  Millstone  Hill  and  Sondre  Stromf jord  radars  use  measurements  performed 
with  a  single  station  over  a  number  of  azimuths  to  compute  two-dimensional  representations  of  the  plasma 
drift  (e.g.  Banks  and  Doupnik,  1975  ;  Holt  et  al . ,  1989).  These  techniques  have  certain  limitations  that 
affect  the  accuracy  of  the  results.  The  limitations  are  related  to  the  temporal  resolution  of  the  measu¬ 
rements  and  to  the  fact  that  the  transverse  component  of  the  velocity  must  be  inferred  from  tht  azimu¬ 
thal  variation  of  the  line  of  sight  component  over  a  finite  spatial  volume.  Any  non-uniformity  in  the 
flow  pattern  may  introduce  considerable  errors  in  the  final  result.  A  similar  method  has  also  been 
used  for  the  Goose  Bay  data  (Har.uise  et  al.,  1985).  The  initial  estimate  of  the  velocity  was  deduced 
from  the  azimuthal  variation  of  the  radial  component  over  the  field  of  view.  Successive  computations 
used  the  hypothesis  of  a  divergence-free  flow  to  derive  velocity  vectors  on  adjacent  beams.  The  possible 
effect  of  the  closure  of  the  flow  by  field  aligned  currents  were  therefore  neglected.  The  conclusion  was 
that  the  validity  of  the  final  map  was  highly  dependent  on  the  validity  of  the  initial  estimate.  Ir.  the 
present  case,  this  initial  estimate  is  obtained  by  the  combination  of  the  racial  velocities  measured  by 
each  radar.  Its  spatial  and  temporal  resolutions  are  those  mentionned  previously  for  the  radar,  i.e, 
typically,  20  km  in  the  radial  direction  and  80s.  The  two-dimensional  drift  analysis  will  use  this 
accurate  determina t ion  of  the  initial  value  of  both  transverse  and  radial  velocity  components,  and  we 
can  therefore  expect  the  resulting  velocity  map  to  represent  accurately  the  effective  convective  flow 
pattern. 

Mapping  of  the  plasma  flow  is  possible  from  the  Doppler  motion  of  ionospheric  irregularities 
if  they  move  with  the  ambient  medium.  In  the  E  region,  the  Doppler  velocity  of  irregularities  produced 


by  the  two-atreara  instability  is  limited  to  a  value  near  the  ion  acoustic  velocity,  which  only  bears  an 
incirect  relation  to  the  plasma  drift  velocity  (Nielsen  and  Schlegel,  1985).  This  relationship  is 
certainly  true  on  a  statistical  basis  but  might  lead  to  misestimate  the  drift  velocity  in  specific 
cases.  For  this  reason,  we  shall  deal  here  with  observations  performed  in  the  F  region.  At  these  altitu¬ 
des,  the  motion  of  both  electrons  and  ions  is  due  to  the  magnetic  field.  Theories,  as  well  as  numerical 
simulations,  predict  the  existence  of  instabilities  with  a  low  phase  velocity  in  the  plasma  frame  of 
reference  (Chaturvedi  and  Ossakow,  1979  ;  Keskinen  et  al.,  1980).  The  observed  Doppler  mrtion  is  there¬ 
fore  exclusively  related  to  the  motion  of  irregularities  with  the  bulk  plasma.  A  limited  nomber  of  expe¬ 
rimental  studies  have  been  aimed  at  verifying  this  property.  Using  data  collected  simultaneously  with 
the  SAFARI  coherent  scatter  radars  and  EISCAT,  Villain  et  al.  (1985)  compared  a  limited  number  of  velo¬ 
city  vectors  and  found  strong  evidence  of  the  equality  of  plasma  drift  with  ion  drift  velocities.  In  a 
later  experiment,  (Ruohonierai  et  al.,  1987),  radial  Doppler  velocities  measured  by  the  Goose  Bay  HF 
radar  were  compared  to  radial  velocities  estimates  from  the  Sondre  Stromf jord  incoherent  scatter  radar. 
Over  a  large  number  of  data  comparisons,  including  velocity  reversals  exceeding  1000  m/s,  an  excellent 
correspondence  was  found  between  tr.e  measured  irregularity  and  ion  drift  velocities  (Fig.  3).  Altogether 
these  results  indicate  that  the  small-scale  F-region  irregularities  detected  with  HF  radars  can  safely 
serve  as  tracers  of  the  ionospheric  convective  drift. 

Another  question  coming  to  mind  when  dealing  with  HF  propagation  is  concerns  the  localization 
of  the  scatter.  The  refraction  of  the  HF  wave,  which  makes  it  possible  to  satisfy  the  aspect- 
sensitivity  condition,  makes  it  also  difficult  to  derive  the  geographical  location  of  the  radar  target 
from  the  measured  time  delay  of  propagation.  VHF/UHF  radars  are  not  prone  to  this  uncertainty,  as  it  is 
straightforward  to  map  time  delays  into  geographical  grid  with  a  straight  line  propagation.  Ray  tracing 
techniques  have  been  used  extensively  to  determine  the  contours  of  perpendicularity  of  the  radar  wave 
with  the  earth’s  magnetic  field.  They  have  used  simple  ionospheric  models  (e.g.  Millman,  1969,  1975  ; 
Crochet  et  al.,  »971  ;  Swenson,  1972),  electron  density  values  obtained  from  ionosonde  measurements 

(Hunsucker,  1969),  or  meridional  profiles  of  density  measured  with  an  incoherent  scatter  radar  (Villain 
et  al.,  1984).  The  irregular  structure  of  the  high-latitude  ionosphere  may  induce  large  deviations  in 
both  radial  and  azimuthal  directions  and,  consequently,  makes  difficult  to  localize  precisely  the 
scatter.  Nevertheless,  it  is  possible,  in  a  first  approximation,  to  use  a  straight  line  propagation  to 
map  geographically  the  radar  echoes,  the  shift  in  range  being,  in  most  cases,  of  the  order  of  a  few  tens 
of  kilometers.  Moreover,  the  shift  will  be  similar  for  all  ranges,  and  a  large  scale  map  will  be 
globally  shifted  by  this  distance. 

We  have  used  a  3imple  ray  tracing  computer  program  (Jones  and  Stephenson,  1975)  to  illustrate 
these  various  points.  The  ionospheric  density  is  modelled  bv  two  parabolic  layers,  respectively  at  E  and 
F  region  altitudes.  Latitudinal  gradients  car.  be  included  to  represent  density  blobs  present  in  the 
high-latitude  ionosphere.  Figure  4  shows  the  result  of  this  ray  tracing  when  no  gradients  are  included. 
Parameters  of  the  plot  are  maximum  plasma  frequencies  of  3  MHz  and  10  MHz  in  the  E  and  F  region, 
respectively,  and  a  radar  frequency  of  14  MHz.  Rays  are  plotted  for  elevation  between  0  deg.  and  3C  deg. 
Horizontal  and  vertical  axes  having  different  scales,  angles  are  not  conserved  on  this  plot,  while  the 
earth's  curvature  induces  the  curvature  seen  on  low  elevation  rays.  Small  triangles  are  plotted  along  a 
ray  path  every  100  km,  and  thicker  lines  are  plotted  when  the  aspect  sensitivity  condition  is  met  wirhin 
1  deg.  On  Fig.  4,  we  notice  that  scatter  appears  below  100  km  in  the  E  region  and  between  200  and  300  km 
in  the  F  region.  Echoes  returned  from  these  altitudes  will  be  distinguished  by  their  range,  600  to  800 
km  for  F  region  echoes  and  300  to  500  km  for  E  region  echoes. 

The  variations  which  can  be  expected  when  changing  the  radar  frequency  are  plotted  on  Fig. 5 
for  a  fixed  elevation  angle.  Waves  are  reflected  at  higher  altitudes  when  the  radar  frequency  increases. 
In  the  present  example,  waves  with  frequencies  below  15  MHz  are  reflected  in  the  E  region  and  do  nor 
reach  perpendicularity  to  the  magnetic  field.  Higher  frequency  waves  reach  the  F  region  where  the  . •  a r : 
detect  field  aligned  scatter.  One  also  notices  that  the  range  of  the  scatter  slightly  increases  with 
increasing  frequency.  As  a  further  step,  we  have  included  latitudinal  gradients  of  electron  density, 
modelling  blobs  commonly  present  at  high  latitudes  (Fig.  6).  The  structure  plotted  in  Fig.  6a  has  a 

density  increase  of  P0%  over  background.  Its  width  is  150  km  and  it  can  be  located  at  various  distances 

f rom  the  transmitte. .  Blobs  with  lower  density  (less  than  50%)  do  not  induce  noticeable  changes  in  the 
ray  paths.  The  associated  ray  tracing  (Fig.  6b)  shows  that  the  region  of  near-perpendicularity  in  r.he  F 
region  is  extended,  both  in  altitude  and  range,  compared  to  previous  cases.  Results  will  evidently  vary 
according  to  the  danc-ity  model,  but  scatter  region  can,  in  principle,  be  localized  when  one  knows  the 
density  profile,  both  in  latitude  and  altitude.  This  can  only  be  obtained  with  an  incoherent  sca*ter 

radar  operating  in  a  meridional  scanning  mode.  Such  data  are  gathered  only  during  specific  perioas, 

whil**  the  HF  coherent  radar  performs  observations  during  more  extended  periods.  Two-dimensional  mapping 
of  the  convective  flow  will  therefore  be  done  by  combining  radial  velocities  with  ‘he  hypothesis  of  a 
straight  line  propagation.  Previous  studies  have  concluded  that  the  range  drift  is  of  the  order  of  a 
radar  resolution  cell  (Villain  et  al.,  ’984).  The  simple  ray  tracing  presented  here  confirm  this 
conclusion,  and  also  show  that  E  and  F  region  echoes  will  usually  be  separated  in  range,  and  .  at  a 
larger  spatial  coverage  of  the  scattering  region  can  be  obtained  by  using  several  radar  frequencies 
separated  by  a  few  MHz. 

EXPERIMENTAL  DATA 

The  first  joint  observations  of  the  Goose  Bay  and  Schef fervil 1 e  radars  were  performed  ir 
October  1986.  The  Goose  Bay  radar  was  operating  in  the  usual  azimuthal  scanning  mode  on  16  beams  with  a 
temnoral  resolution  of  80s  to  complete  a  map.  In  Scheffervil le ,  the  radar  was  stepping  in  frequency  from 
8  :hz  to  18  MHz  by  2  MHz,  with  a  temporal  resolution  of  20s  on  each  frequency.  The  antenna  beam  was 
fixed  on  a  direction  15°  east  of  geographic  north. 

The  temporal  variation  of  backscattered  power  and  radial  velocities  measured  ir  Scheff ervil le 
during  4  hours  is  plotted  on  Fig.  7  for  several  radar  frequencies.  Several  types  of  scatter  are  present 
on  these  figures.  At  shortest  ranges,  from  300  km,  scatter  is  detected  at  the  same  distance  for  all 
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frequencies-  At  such  a  short  range,  and  due  to  its  lack  of  variation  with  radar  frequency,  this  scatter 
can  be  associated  with  E  region  irregularities.  Radial  velocities  are  globally  positive  (towards  the 
radar)  until  01:30  UT  {LT  =  UT— ^ )  and  reverse  afterwards.  At  this  local  time,  the  radar  has  therefore 
certainly  detected  the  velocity  reversal  associated  with  the  Harang  discontinuity. 

A  second  region  of  scatter  is  present  from  00:00  UT  until  01:00  UT,  but  only  on  the  lowest 
frequencies  (8  MHz  to  12  MHz).  The  range  is  increased  compared  to  E  region  scatter,  and  varies  with 
radar  frequency,  from  around  900  km  at  8  MHz  up  to  more  than  1200  km  at  12  MHz.  It  is  therefore  origina¬ 
ting  in  the  ionospheric  F  region.  As  shown  in  the  preceeding  section,  the  range  \ ariation  and  the  absen¬ 
ce  of  radar  return  at  higher  frequencies  is  easily  explained  by  the  effects  of  ref  ~ action.  Its  effect  or. 
the  ray  is  more  important  at  lower  frequencies  :  bending  is  more  pronounced  and  the  normality  condition 
is  met  at  shorter  ranges  when  radar  frequency  is  decreased.  At  higher  frequencies  (1^  MHz  in  the  presen*: 
case),  the  ray  is  not  sufficiently  bent  to  reach  perpendicularity  with  the  magnetic  field,  and  the  radar 
cannot  detect  irregularities,  even  if  they  are  present  in  the  ionosphere.  Observing  the  F  region  scatter 
as  seen  on  Fig.  7 a  to  7c,  one  immediately  concludes  that  the  frequency  variation  will  be  useful!  to 
extend  the  spatial  coverage  of  the  system.  On  8  MHz,  echoes  are  seen  from  700  km  to  1200  km,  while  the 
shortest  and  furthest  ranges  are  900  km  or  1100  km  and  1500  km  or  loOO  km  on  10  MHz  and  12  MHz,  respec¬ 
tively.  Merging  the  three  frequencies,  the  radar  covers  the  region  between  700  km  and  1800  km,  or  appro¬ 
ximately  10  degrees  in  latitude.  When  combining  the  data  from  the  two  radars,  one  will  therefore  derive 
extended  maps  of  the  plasma  convection. 

An  example  of  power  and  velocity  maps  observed  at  00:00:^0  UT  with  the  Goose  Bay  radar  are 
shown  on  Fig.  8a  and  8b,  respectively.  They  show  the  presence  of  a  scatter  region  over  an  extended 
azimuthal  sector  (10  of  the  15  antenna  beams,  or  35  deg.)  with  a  maximum  S/N  ratio  of  20  dB.  The  radial 
velocity  is  directed  towards  the  radar,  with  values  of  the  order  of  600  m/s  in  the  westward  part  of  the 
map,  and  values  near  zero  or  slightly  away  from  the  radar  when  looking  towards  north.  The  radial 
velocities  measured  with  the  Goose  Bay  radar  have  been  combined  with  those  observed  in  Schefferville  to 
derive  two-dimensional  velocities  in  common  points,  and  have  been  extended  to  the  whole  Goose  Bay  nap 
with  the  flux  divergence-free  method  described  earlied.  A  sample  map  is  shown  on  Fig.  9,  for  two  diffe¬ 
rent  frequencies  of  the  Schefferville  radar,  namely  8.8  MHz  (Fig.  9a)  and  ’G.7  MHz  (Fig.  9b). 

The  resulting  convection  pattern  is  similar  on  the  two  maps.  This  is  rot  surprising,  as  tne 
data  used  for  each  derivation  are  r.ct  totally  independent  :  the  Goose  Bay  map  of  radial  velocities  is 
the  same,  and  only  the  Schefferville  values  have  been  changed  between  them.  The  global  pattern  shows  an 
equatorward  motion  of  the  plasma,  with  sn  eastward  rotation  of  the  flow  at  lower  latitudes.  Some  west¬ 
ward  components  are  also  visible  on  the  westward  edge  of  the  map.  This  convection  pattern  is  in  agree¬ 
ment  with  expectations  at  this  particular  local  time  :  the  plasma  flows  out  the  polar  cap  into  the  late 
evening  auroral  zone,  and  turns  to  a  westward  flow  in  the  pre-midnight  period,  turning  eastward  in  the 
post -midnight  period  with  a  transition  at  the  Harang  discontinuity.  The  two  maps  cover  about  5  degrees 
in  latitude  at  both  frequencies,  but  one  can  note  that  the  second  one  is  slightly  displaced  northwards 
compared  to  the  first  one.  Multifrequency  operations  of  the  radar  is  therefore,  as  mentioned  previously, 
an  important  point  in  obtaining  a  spatial  coverage  as  extensive  as  possible. 

The  high  temporal  resolution  of  vhe  radar  makes  it  possible  to  map  the  convection  pattern 
every  80s.  Fig.  10  shows  3  successive  maps  computed  at  this  interva. ,  each  of  them  obtained  for  a  diffe¬ 
rent  frequency  of  the  Scheffervi lie  radar.  One  notes  the  variation  with  frequency  in  spatial  coverage 
and  geographical  location,  both  being  a  consequence  of  the  change  in  the  ionospheric  propagation.  It  is 
therefore  important  to  adjust  the  radar  frequency  as  to  optimiz-.  the  coverage  of  the  map.  The  sequence 
shows,  as  does  Fig.  9,  a  convective  flow  out  of  the  polar  cap  which  rotates  easrward  at  lower  latitudes. 

CONCLUSION 


Mapping  the  plasma  convection  at  the  ionospheric  footprints  of  the  most  external  regions  of 
the  magnetosphere  is  one  of  the  present  research  goals  in  ionospheric  physics.  The  data  obtained  with 
the  two  radars  of  the  PRISM  program  show  that  HF  coherents  radars  can  play  an  useful  role  in  this 
research  effort,  in  coordination  with  other  ground-based  and  space-borne  instruments.  Each  radar  measu¬ 
res  the  Doppler  velocity  of  F  region  ionospheric  irregularities,  which  is  directly  related  to  the  ion 
drift.  Combining  radial  velocities  observed  by  two  radars  leads  then  directly  to  two-dimensional  mapping 
of  the  plasma  flow.  Another  advantage  of  the  radars  is  the  large  spatial  coverage,  compared  to  VHF 
radars  operating  in  the  E  region.  For  example,  the  maps  shown  in  Fig.  9  extend  over  5  deg.  in  latitude, 
and  tMs  coverage  represents  only  a  small  part  of  ne  potential  radar  field  of  view.  By  comparison,  the 
maximum  coverage  of  the  STARE  radar  is  only  of  the  order  of  «  deg.  in  latitude  (Greenwald  et  al.,  1978). 
Temporal  and  spatial  resolutions  are  of  the  same  orde1"  of  magnitude  for  HF  or  VHF/UHF  radars. 
Refraction  of  the  HF  radio  wave  in  the  ionosphere  is  both  a  benefit  and  an  handicap.  On  one  side,  it 
allows  the  radar  to  detect  scatter  in  the  very  high  latitude  regions,  but,  on  the  other  side,  it  induces 
some  uncertainty  in  the  geographical  location  of  the  target.  Effects  are  nevertheless  minimal  when 
dealing  with  studies  of  large  scale  patterns. 

The  results  presented  in  this  paper  were  obtained  with  the  Goose  Bay  radar  scanning  over  50° 
in  azimuth  and  the  Scheffervil le  radar  transmitting  in  a  fixed  direction.  We  have  therefore  been  obliged 
to  use  the  hypothesis  of  a  divergence-free  flow  to  map  the  plasma  convection.  An  immediate  improvement 
to  the  system  is  an  extension  of  the  scanning  capability  of  the  Schefferville  radar.  This  will  be  set  up 
during  fall  1988.  All  velocity  values  will  thereafter  be  derived  from  simultaneously  measured  radial 
components  at  the  same  point.  Studies  of  plasma  convection  will  also  benefit  from  other  improvements 
already  installed.  Firstly,  the  Goose  Bay  radar  possess  the  capability  of  measuring  vertical  angle  of 
arrival  of  the  backscattered  signal,  owing  to  an  interferometry  mode  using  a  second  parallel  antenna 
array  in  front  of  the  main  array.  Secondly,  another  HF  coherent  radar  has  been  set  up  in  Halley  Bay 
(Antartica)  by  the  Bristish  Antartic  Survey  and  APL.  The  program,  known  as  PACE  (Poiar  Anglo-American 
Conjugate  Experiment)  is  aimed  to  study  the  ionospheric  convection  at  conjugate  points.  With  this  set  of 
three  coherent  HF  radars,  one  can  therefore  hope  to  gather  useful  data  for  theoretical  and  numerical 
works  on  the  ionospheric  and  magnetospheric  physics  at  very  high  latitudes. 
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Fig.  1.  Diagram  illustrating  manner  in  which  VHF  and  HF 

radar  signals  are  scattered  into  space  by  very  high 
latitude  E  and  F  region  irregularities.  At  high  Fre¬ 
quencies,  the  radar  signals  are  refracted  toward  the 
horizontal  and  the  scattered  signals  may  return  to 
the  radar. 


tinhorn 


Fig.  2.  Field  of  view  of  the  two  PRISM  HF  radar3. 

The  JHU/APL  radar,  located  at  Goose  3ay , 
Labrador,  can  be  steered  electronically 
into  one  of  possible  16  directions.  The 
SHERPA  radar  in  Schef ferville  is  presently 
directed  towards  one  direction,  but  a  simi¬ 
lar  scanning  capability  will  be  added  soon. 


Fig.  3.  Comparison  of  time  series  for  HF  and  incoherent  scat¬ 
ter  velocity  estimates.  The  horizontal  error  bars  on 
the  HP  data  are  3hown  exaggerated  by  a  factor  of  JO. 
(from  Ruohoniemi  et  al.,  1987). 
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Fig.  U.  Ray  tracing  showing  the  propagation  of  an  HF  wave  according  to  the  ele¬ 
vation  of  transmission.  The  ionosphere  is  modelled  with  2  parabolic  layers 
of  maximum  plasma  frequency  3  MHz  and  10  MHz,  respectively.  The  radar  fre¬ 
quency  is  MHz.  Thicker  lines  indicate  the  points  where  the  ray  is  nearly 
perpendicular  to  the  earth’s  magnetic  field.  Scatter  can  be  detected  in  both 
E  and  F  regions. 


Mitituae  mn  ***. 


Fig.  5.  Ray  tracing  with  the  same  parameters  as  in  fig.  4,  but  showing  the  variation 
with  frequency  for  a  fixed  elevation  angle.  In  this  example,  lower  frequen¬ 
cies  are  reflected  in  the  E  region.  Scatter  can  be  detected  in  the  F  region 
at  higher  frequencies,  at  a  range  increasing  with  frequency. 
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Fig.  6.  Ray  tracing  in  an  irregular  ionosphere  where  latitudinal  density  gradients  are  present. 

The  ionospheric  model  includes  a  density  blob  with  an  increase  of  100  %  over  background 
ffig.  6a).  The  resulting  propagation  paths  show  that  F-region  irregularities  can  be 
detected  between  ?50  km  and  350  km  altitude. 
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Fig.  9.  Two-dimensional  maps  of  the  plasma  flow  derived  from  simultaneous 

observations  of  the  PRISM  radars.  The  two  maps  are  obtained  for  the 
same  Goose  Bay  data  but  different  SHERPA  frequencies,  8.8  MHz  (Fig.  9a) 
and  10.7  MHz  (Fig.  9b).  The  patterns  are  consistent  with  a  flow  coming 
out  of  the  polar  cap  and  rotating  eastward  at  lower  latitudes. 
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Fig.  10.  Example  of  temporal  variation  of  the  flow  pattern 

with  a  resolution  of  80  a.  The  pattern  is  consistent 
with  fig.  9.  The  change  in  frequency  between  the  3 
snapshots  shows  the  importance  of  optimizing  the  radar 
operation  and  the  possibility  of  extending  the  spatial 
coverage  by  mixing  several  frequencies. 
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DISCUSSION 

C.Haldoupis 

You  mentioned  that  you  receive  echoes  with  the  HF  radars  from  electrojet  E  region  (100-120  km)  and  F-region  (200- 
300  km).  Do  you  have  any  indication  of  receiving  echoes  from  the  upper  E  region  in  the  altitude  range  around  130-160 
km,  and  if  yes,  under  what  geophysical  conditions  do  they  occur  and  what  are  their  characteristics?  I  am  asking  this 
having  in  mind  that  the  upper  region  is  susceptible  to  the  ion  cyclotron  instability  with  EIC  wavelengths  in  the  range 
you  use  (i.e.,  10-20  km),  and  therefore,  should  be  detectable  by  your  radar  system. 

Author’s  Reply 

Echoes  detected  with  HF  radars  come  from  the  F  region,  generated  by  gradient-drift  mechanisms,  from  electrojets, 
generated  by  both  two-stream  and  gradient  drift  instabilities,  and  also  from  the  upper  F-region.  In  this  later  case, 
observations  performed  with  the  PRISM  radars  are  consistent  with,  on  one  side  ion-cyclotron  waves  and,  or  the  other 
side,  ion-acoustic  waves  with  a  destabilizing  effect  of  field- aligned  currents.  Studies  are  presently  in  progress  on  these 
two  processes. 

J.Belrose 

In  your  presentation  you  spoke  about  the  possibility  to  observe  HF  backscatter  from  irregularities  for  a  range  of 
distances  from  short  to  long.  This,  of  course,  depends  on  the  frequency  used  and  the  propagation  conditions,  but  also 
on  the  antenna  system  employed  which  is  given  little  consideration  by  the  HF  radar  researcher.  For  the  Goose  Bay, 
Labrador  HF  radar,  a  log  periodic  dipole  array  is  used,  at  15.2m.  For  this  height,  at  a  frequency  of  10  MHz,  the  launch 
angle  will  be  about  22",  and  the  radar  will  be  optimum  for  observing  backscatter  at  a  distance  range  of  about  1250  km. 
The  sensitivity  of  the  system  will  be  less  for  shorter  and  longer  ranges.  Could  you  comment  on  the  antenna  system 
you  employ? 

Author’s  Reply 

The  antenna  system  in  Scheffeville  is  similar  to  the  one  installed  in  Goose  Bay.  Both  are,  therefore,  optimized  to 
look  at  relatively  low  elevation  angles  (10°-30°),  to  avoid  direct  reflections  from  the  ionosphere.  Echoes  are  observed 
typically  at  ranges  between  400  and  800  km  for  the  E  region  (around  100  km)  and  at  ranges  from  1000  km  to  2000  km 
for  the  F  region  echoes.  This  depends  on  the  radar  frequency,  or  the  presence  of  irregularities  and  on  the  ionospheric 
plasma  frequency. 


K.Bibl 

I  don’t  know  how  good  your  ground  screen  is  in  Goose  Bay,  but  Goose  Bay  has  the  lowest  conductivity  in  the  whole 
world. 

Author’s  Reply 

Yes.  I  think  there  was  a  ground  screen  put  in  Goose  Bay. 
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EXAMPLES  OF  METEOROLOGICAL  BEHAVIOR  OF  THE  IONOSPHERE 

K.  Bibl,  University  of  Lowell,  Center  for  Atmospheric  Research. 
450  Aiken  Street,  Lowell,  MA  01854,  USA 


Sl**iARY 

For  some  tine  the  network  of  ionosonde  stations  in  Europe  had  been  dense  enough  to  study  the 
meteorological  behavior  of  the  ionosphere.  Because  the  electron  recombination  near  the  maximum  of  the  F- 
region  ionization  is  sufficiently  small,  the  maximum  electron  densitv  and  the  profile  are  controlled 
substantially  by  dynamic  processes.  Gravity  waves  and  vertical  plasma  drift  and  its  vertical  gradients 
change  the  F- layer  ionization  significantly.  In  fixed  frequency  ionosonde  recordings  the  author  has 
discovered  direct  oblique  echoes  from  a  hole  in  the  ionosphere  over  the  Alps.  Maps  have  been  drawn  to 
show  the  meteorological  properties  of  this  "European  Anomaly"  either  as  a  rime  development  of  a  cross 
section  of  Europe  from  northern  Germany  to  Rome,  Italy  using  six  stations,  or  as  a  sequence  of  contour 
maps  of  the  ionosphere  over  Europe  using  ten  stations.  A  short  animated  movie  was  produced  demonstrating 
the  development  of  the  hole  in  the  ionosphere  and  its  recovery  with  a  curl  developing. 

Even  the  average  behavior  of  the  K- region  ionization  shows  substantial  differences  with  location.  Tn 
Europe  the  variations  of  the  local  gradients  in  ionization  can  be  different  by  a  factor  of  two  over  two 
locations  separated  by  1000  km. 

This  behavior,  important  for  understanding  the  meteorology  of  the  ionosphere  and  for  precise  ionospheric 
radio  predictions,  certainly  requires  intense  studies  with  digital  sounders  in  Europe  and  at  other 
locations. 


INTRODUCTION 

In  the  study  of  the  dynamic  behavior  of  the  ionospheric  F  region  three  types  of  important  events  must  be 

separated: 

(1)  acoustic-gravity  waves  travelling  quutorwards  rather  horizontal ly,  parallel  to  the  magnetic 
declination 

i2i  magnetic  substorm  effects  blowing  t.he  F  region  ionization  up  and  away  in  the  magnetic  field  tubes 
and 

(3)  meteorological  phenomena  which  produce  local  extrema  tn  the  ionospheric  F  region  ionization.  Only 
the  meteorological  type  of  local  ionospheric  disturbances  shall  be  described  in  this  report! 

There  are  two  reasons  why  these  events  have  not  been  studied  more  intensely  in  the  last  35  years.: 

a)  the  network  of  ionosonde  stations  is  not  dense  enough  and 

b)  the  rules  of  ionogi am  analysis  tend  to  fill  in  temporary  minim®  in  the  F  region  parameters. 

Extrapolation  of  foF2  to  infinite  delays  in  case  of  "absorption"  near  the  critical  frequency  of  the  F 

region  often  extends  an  oblique  incidence  trace,  hiding  a  much  lower  foF2  overhead.  Figure  I  shows  a 

sequence  of  Digital  ionograms  during  a  local  temporary  minimum  in  F2~laver  ionization.  If  it  were  a 


Figure  1  Quarter  Hour  Sequence  of  Digital  Ionograms  showing  echo  amplitude, 
polarization,  and  obliquity. 
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Travel  ing  Ionospheric  Disturbance  iTID)  caused  bv  an  acoustic  gravity  wave,  it  would  be  out  of  the  antenna 
(  beam  within  20  minutes.  On  the  contrary,  such  an  event  could  easily  be  the  source  of  a  gravity  wave. 

Records  of  the  new  digital  ionosondes  confirm  those  findings  of  J.5  years  ago.  The  beam  of  the  receiving 
antenna  array  is  switched  from  pulse  to  pulse  into  six  different  azimuths  at  a  specific  zenith  angle  in 
addition  to  the  overhead  position  where  echo  polarization  is  identified.  By  these  means  more  ionospheric 
holes  are  discovered  and  their  location  and  motion  followed. 


THE  EUROPEAN  ANOMALY 

For  many  years  the  Ionospheric  station  in  Breisach,  Germany,  had  produced  continuous  multi  directional 
color  records  of  ground  baokscatter  echoes  via  the  ionosphere  on  several  fixed  frequencies.  In  these 
records  the  author  found  direct  echoes  from  the  F -region  at  a  frequency  much  higher  than  the  vertical 
critical  frequency,  because  the  echoes  come  only  from  one  specific  direction  it  was  assumed  first  that 
the  sonozation  was  much  higher  in  the  south  than  overhead.  Rut  an  intensified  study  of  the  F  layer 
•critical  frequency  during  the  times  of  those  events  showed  the  contrary:  an  ionization  minimum  south  of 
the  Breisach  station.  Figure  2  shows  44  maps  with  time  as  abscissa  and  six  stations  at  their  respective 
location  on  the  ordinate:  L  for  Lindau  (near  Goettingen),  Germany;  D  for  Dourbes  in  the  south  of  Belgium; 
F  for  Breisach  (near  F/-eiburg),  Germany;  S  for  Sot  tens  in  Swi  tzerl  and;  *  G  for  Genoa,  Italy;  anti  H  tor  Rome, 
Italy. 

The  events  are  substantial:  Lhe  ratio  of  electron  densities  between  maxima  and  minima  reaches  sometimes  a 
value  of  2  or  more  <  B i b  1 ,  1964A).  With  these  maps  the  ionospheric  station  in  Switzerland  was  vindicated; 
it  was  suspected  before  lhat  this  station  produced  erroneous  data.  But  it  is  obvious  that  these  deep 


Figure  j  Time  S equence  of  a  Cross  -Sect mu  Tn rough  Europe  During  Oblique  Reflection  Event 


minima  will  even  effect  the  median  values,  as  Figure  J  shows. 
Only  about  half  of  the  cases  found  are  presented  here  because  of 
missing  data  at  one  or  several  stations  being  used.  ft  is  easily 
possible  that  the  events  are  more  frequent  because  they  have  been 
selected  solely  when  backseat  ter  recordings  showed  direct 
ionospheric  echoes  above  the  vertical  critical  frequency.  Night¬ 
time  events  were  nc'ver  found  since  the  sounding  frequencies  were 
too  high  to  produce  direct  oblique  echoes  at  night.  They  are, 
however,  less  likely  because  they  do  not  show  up  in  the  overage 
maps  of  Figure  3-  The  dav-tirae  minima  over  Genoa  are  very  clear 
in  October  and  November,  while  the  minimum  is  over  Sottens  in 
September  and  December. 


hiCAl,  GRADIENTS  AND  VARIATIONS  OK  foF2 

For  each  of  six  months  in  1961  the  average  of  all  hours  of  the  day 
has  been  put  ««n  a  two  dimensional  map  of  Europe,  as  Figure  4 
shows.  The  following  stations  were  used:  I 'Inverness,  Scotland; 
E  Slough,  England;  J  Juliusruh,  l.-l.indau,  E;  Freiburg,  Germany; 
D-Dourbes,  Belgium:  S 'Sottens,  Switzerland;  C= Prague, 
iVeehoslovakia;  0  Graz,  Austria;  G-ujenoa,  R-Rome,  Italy.  Lines  of 
(onstant  foF2  are  in  0. I  MHz.  In  March  the  gradients  between 
Sottens  and  Genoa  are  largest;  m  October  the  gradients  between 
Genoa  and  Rome  are  largest;  ip  December  the  gradients  between 
Hourbes  and  Freiburg  are  largest . 


Even  more  surprising  is  the  variation  of  the  gradients  over 
Europe.  To  create  a  significant  parameter  the  hourly  value  of 
each  day  has  been  subtracted  from  the  monthly  average;  then  the 
difference  of  those  DfoF2  values  between  two  adjacent  stations  has 
been  formed.  In  the  monthly  distribution  of  fhese  differences 
lix,y  DfoF2v  Dfc»F2y  for  station  pair  x  and  y,  the  upper  and 
I •  >w> t  quart i les  have  been  found  and  divided  by  the  distance 
between  the  stations  x  and  y.  This  quantity  shall  be  called  the 
variation  of  the  gradient.  Figure  5  shows  a  map  with  lines  of 
equal  value  for  this  parameter.  Although  the  higher  station 
density  in  the  south  must  enhance  the  local  gradient  variations 
be. ause  it  makes  smaller  scale  variations  visible,  it  is  ob¬ 
vious  that  the  ionosphere  over  northern  Europe  is  substantially 
quieter  in  space  and  time  than  the  ionosphere  over  the  Alps. 
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Figure  3  Time  Dependence  of 
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Figure  5  Variation  of  the  Gradients 
in  foF2  over  Europe 
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MAPS  OF  METEOROLOGICAL  BEHAVIOR 

Using  ten  ionospheric  stations,  5-  and  6-hour  sequences  of  synoptic  ionospheric  maps  have  been  drawn  for 
four  oblique  ionospheric  echo  events.  (The  events  were  chosen  for  cases  when  all  stations  had  complete 
data.)  Ten  ionospheric  stations  were  used:  L=Lindau,  Germany;  D=Dourbes,  Belgian;  C=Prague, 
Czechoslovakia:  F'Freiburg  (Breisach),  Germany;  0=Graz  (Oesterreich) ,  Austria;  P-Poitier,  France ;  S- 
Sottens,  Switzerland;  B-Belgrade,  Yuogslavia;  G=Genoa,  Italy;  R=Rome,  Italy.  In  all  cases  there  was  a 
simultaneous  enhancement  of  the  local  maxima  as  well  as  the  local  minima  in  the  middle  of  the  event.  This 
led  to  the  substantial  increases  in  gradients,  indicated  by  the  numbers  in  the  top  left  corner  of  the 
individual  maps.  A  second  common  feature  seems  to  be  a  counter-clockwise  curl  of  ionization  around  the 
minima,  well  visible  in  columns  2  and  3  of  Figure  6.  An  animated  movie  has  been  made  of  one  of  the  cases 
to  better  show  the  time  development. 


Figure  6  beve 1 opment  of  foFd  Over  Europe  During  Four  Meteorological  Events 


EVENTS  AT  OTHER  LOCATIONS 

With  the  exception  of  Russian  satellite  electron  density  probe  recordings  which  show  localized  holes  m 
the  ionosphere,  most  researchers  have  been  following  Tib  events.  The  localized  events  tend  to  mess  up  the 
picture  of  the  ill)  studies  substantially.  In  comparing  continuous  vertical  incidence  recordings  at 
stations  in  Belgium,  South  Germany  and  Greece,  practically  no  Tib  event  can  be  followed  ovej  1,'OCO  km 
distant-**  Bihl,  1962),  while  motions  along  the  equator  show  good  .orreiation  over  larger  distances  Bibl 
1U64B, . 
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Sudden  minima  in  F-layer  ionization  have  certainly  been  reported  at  many  stations  (for  example:  X.M.  Khan 
et  al . ,  1985),  but  often  these  events  have  been  explained  as  moving  from  one  place  to  another  i Huang  and 
Jeng,  1978).  The  occurrence  of  an  event  at  different  times  for  different  stations  can  only  be  called  a 
motion  if  data  from  three  stations  in  a  row  are  available. 

From  more  recent  measurements  with  digital  lonosondes  it  can  also  be  concluded  that  over  North  America  the 
local  gradients  are  quite  different.  For  example,  the  ionosphere  over  Boulder,  Colorado,  is  much  quieter 
in  time  and  space  than  the  ionosphere  over  Lowell,  Massachusetts.  Certainly  the  distance  between  the 
Aurora  Zone  and  the  Magnetic  Equator  is  much  shorter  at  the  East  Coast  of  the  North  American  continent 
then  on  the  West  Coast,  but  this  does  not  seem  to  be  the  only  reason. 

It  certainly  was  a  shame  that  two  West  Coast  stations  were  closed  beef*  in. >»  their  data  did  not  fit  m  the 
prediction  map.  Also  several  European  stations  were  given  up  because  of  the  high  cost  of  data  analysis. 

LIMITED  EXPLANATION 

It  seems  impossible  that  a  global  wind  system  in  ionospheric  height,  as  described  by  Hishbeth  1967 i , 
could  explain  such  a  localized  event,  but  local  wind  patterns  and  electric  fields  extending  from  the 
troposphere  to  the  ionosphere  could  change  the  vertical  plasma  drift,  modifying  the  electron  density 
profile  and  the  maximum  electron  density  substantially  without  changing  the  total  electron  density.  This 
could  produce  enhancements  and  "bite  outs”  simultaneously  at  two  close  locations.  When  the  local  electric 
field  differences  are  equalized,  an  average  electron  density  distribution  could  then  be  restored. 

FUTURE  POSSIBILITIES 

The  new  chain  of  digital  ionosondes:  Qaanaaq,  Greenland;  Goose  Bay,  Labrador;  Argent ia,  Newfoundland; 
Lowell,  Massachusetts;  and  Wallops  Island,  Virginia;  enables  us  to  separate  the  three  phenomena:  TIDs, 

substorms,  and  meteorological  events.  We  also  hope  that  the  European  network  will  be  revived  to  study  the 
meteorology  of  the  ionosphere.  Automatic  data  analysis  will  make  the  routine  efficient  and  free  manpower 
for  scientific  studies.  Other  countries,  lik*-  Pakistan  and  Japan,  will  also  make  a  substantial  effort  in 
this  direction. 
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DISCUSSION 


H.Poeverlein 

Gassmann  once  believed  that  the  albedo  of  cloud  covers  may  have  some  influence,  perhaps  due  to  variable  UV  reradi- 
ation.  What  do  you  think  of  such  an  influence? 

Author’s  Reply 

I  had  studied  some  relevant  weathermaps,  but  I  did  not  find  an  obvious  correlation.  Electric  fields  or  changes  of  the 
jet-stream  may  couple  into  the  F  region  and  induce  vertical  plasma  motions. 


K.  Rawer 

During  the  years  1946  through  1956  (then  in  the  French  military  prediction  service  SPIM),  we  established  ionization 
maps  by  hand  with  monthly  medians.  Since  the  time  we  had  enough  stations  in  Africa,  we  found  a  comparable  problem 
in  southern  Africa.  There  was  a  minimum  rather  regularly  appearing  during  daylight  hours.  When  you  are  drawing 
maps  by  hand  you  have  always  some  smoothing  tendency.  1  guess  now  that  a  comparable  regional  anomaly  might  exist 
there. 

Author’s  Reply 

It  is  certainly  important  for  mapping  and  prediction  to  avoid  elimination  of  any  stations  measurements  unless  proven 
wrong  because  local  gradients  may  be  as  important  for  some  applications  as  the  averages  and  the  time  variations. 


P.Vila 

This  minimum  so  deep  was  it  associated  with  sunset? 

Author’s  Reply 

No,  it  was  afternoon. 
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multistation/multiparameter  observations 
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Summary 

The  global  network  of  modern  ionosondes  generates  a  data  set  of  ionospheric  characteris¬ 
tics  that  can  serve  as  test  bed  for  the  developing  ionospheric  models.  Remote  access  to 
each  station  makes  it  possible  to  use  real  time  data  for  project  planning  and  radio  com¬ 
munication  tasks.  New  ionospheric  parameters  like  ionospheric  roughness,  tilt  angles 
and  drift  are  now  available  for  each  Digisonde  location. 

1.  Introduction 

A  new  generation  of  modern  ionosondes  is  now  being  deployed  world-wide.  Ey  the  end  of 
1988,  a  network  of  some  forty  of  these  ionosondes  (Reinisch,  1986)  will  provide  a  con¬ 
sistent  data  set  of  ionospheric  parameters  that  are  automatically  scaled  in  real  time. 

The  automated  stations  output  the  standard  ionospheric  parameters,  the  h'(f)  traces  with 
amplitudes  and  Doppler  frequencies,  and  the  electron  density  profiles.  All  these  data 
can  be  remotely  accessed  by  telephone  links,  and  they  are,  in  general,  archived  on  half¬ 
inch  magnetic  tape. 

New  measuring  techniques  make  it  possible  to  determine  ionospheric  structure  and  dynamics 
in  a  more  or  less  routine  way.  After  completion  of  an  ionogram,  the  sounder  measures 
ionospheric  drift  and  structure  using  high  resolution  Doppler  shift  and  incidence  angle 
observations.  High  latitude  drift  observations  monitor  the  polar  cap  convection  pattern, 
and  first  results  from  Millstone  Hill  (42.6°N,  71.5°W)  show  that  this  pattern  can  also 
control  the  drift  at  this  mid-latitude  location.  F-layer  tilts,  measured  at  mid-latitude, 
show  typical  tilt  angles  of  2  to  4°;  values  of  10°  are  observed  occasionally.  Observa¬ 
tions  of  the  smoothness  of  the  mid-latitude  F-layer,  as  defined  bv  the  inverse  of  the 
size  of  the  reflection  ^ea,  show  a  characteristic  dav/night  variation.  During  the  day 
the  echoes  arrive  within  a  small  angular  cone  of  0  <  5°  (smooth  ionosphere),  while  this 
angle  increases  to  some  30°  at  night  (rough  ionosphere). 

7  .  Di gi sends  Net  work 


DIGISONDE  STATION  LOCATIONS 

March  19M 


Operating  and 

Near  Term  Planned 

STATION 

latitude 

LONGITUDE 

Qaanaaq.  Greenland 

N77.5 

£290  8 

College.  USA 

N64.9 

6212.2 

Sitka.  USA 

NS7.0 

E224.8 

Slough,  England 

N54.5 

63594 

Goose  Bay.  Canada 

N533 

6299. 5 

Attu.  USA 

N52.6 

61869 

Croughton,  England 

N52.0 

E3588 

Oourbes.  Belgium 

N50.1 

E  46 

Munchen,  FRG 

N48.2 

E  11.6 

Argantta.  Canada 

N47.6 

E307.3 

Camp  Dart>y,  Italy 

N43.5 

E  10.3 

Lowell.  USA 

N42.6 

E288.5 

Roquetes.  Spain 

N40.8 

E  03 

Beijing,  China 

N39  9 

El  16.3 

Wallops  Is.,  USA 

N37  9 

E284.5 

Oiyartoaktr.  Turkey 

N37.9 

£  40.2 

Sao  Miguel  Is.,  Azores 

N37.5 

E334.5 

Kunsan,  S.  Korea 

N38.0 

6126.6 

Kokubtounp,  Japan 

N35.7 

El 39  5 

Xinxiang,  China 

N35.3 

6113.9 

VandenPerg,  USA 

N34.7 

E  239.4 

Islamabad,  Pakistan 

N33.8 

E  72.9 

Hamfton.  Bermuda 

N32.4 

E2953 

Centra/  Texas.  USA* 

N29  4 

6261.7 

Pa  took,  USA 

N28.2 

6279.4 

Karachi.  Pakistan 

N24.8 

E  67.1 

Maui.  USA 

N20.5 

6203  7 

Bohnquen.  Puerto  Rico 

N185 

E222.9 

Baguio,  PhiH/pmes 

N103 

6120.6 

Learmonth.  UK 

S22.1 

El  14.0 

Sao  Paulo.  Brazil 

S23  5 

£313.5 

LaTrobe.  Australia 

S37.8 

E145.0 

'  Nomine!  Location 

There  are  currently  32  Digisonde  256  systems 
(Table  1)  in  operation  or  are  close  to  being  in¬ 
stalled.  The  global  station  distribution,  as 
shown  in  Figure  1,  is  very  uneven,  the  majority 
of  sites  lying  in  the  northern  hemisphere,  and 
there  are  no  equatorial  stations.  Nevertheless 
this  network  provides  an  extensive  data  base  of 
ionospheric  parameters  in  digital  form,  making  it 
easy  to  process  and  analyze  the  data  in  terms  of 
average  diurnal  variations,  storms,  and  irregu¬ 
larities.  This  data  base  will  be  invaluable  for 
the  testing  of  global  ionosphere  models. 

The  scaled  ionogram  parameters  and/or  the  raw 
ionograms  can  be  remotely  accessed  via  voice  grade 
telephone  lines  operating  at  1200  or  2^00  baud. 
Currently  only  th<?  U.S.  Global  Air  Weather  Service 
is  networking  in  a  real  time  mode  bv  polling  all 
their  Digisondes  and  centrally  collecting  the 
ionospheric  parameters  as  soon  as  an  ionogram  scar, 
and  the  20  tc  30  second  ARTIST  processing  is  com¬ 
pleted.  In  general,  all  stations  record  the  raw 
ionograms  and  the  autoscaled  data  on  half-inch 
magnetic  tape  (1600  bpi). 

By  adding  transmit  antennas  for  oblique  transmis¬ 
sions  tc  the  stations  the  Digisondes  can  be  used  to 
record  oblique  digital  ionograms  (Reinisch  et  al., 
1984,  Ahmed  et  al.,  1985).  A  project  is  underwav 
to  automate  both  operation  and  scaling  for  oblique 
ionograms,  thus  adding  more  sampling  points  to  the 
global  data  set. 


Table  1 


GLOBAL  DIGISONDE  256  NETWORK 

Fi«rUre  1 


3.  Ionospheric  Data 

The  Digisonde  256  has  three  basic  modes  of  operation:  Cl)  vertical  incidence  ionograms, 
(2)  drift  observations,  and  (3)  oblique  incidence  (bistatic)  ionograms.  Since  the  third 
mode  is  not  yet  fully  automated  and  the  necessary  processing  software  is  not  yet  devel¬ 
oped,  we  limit  the  discussion  to  modes  1  and  2, 

3.1  Ionogram  Characteristics 

The  Digisonde  scales  the  ionograms  within  20  to  30  seconds  after  completion  of  the  iono- 
gram  scan  using  the  ARTIST  routine  (Reinisch  and  Huang,  1983).  Figure  2  is  an  example 
of  a  typical  on-line  printout  from  the  University  of  Lowell  station  at  Millstone  Hill  in 
We st ford,  MA  (42.6°N,  71.5°W  geogr.).  The  small  numbers  using  optically  weighted  font 
Patenaude  et  al. ,  1973)  give  the  amplitudes  in  multiples  of  4  dB  for  the  vertical  inci¬ 
dence  echoes  with  ordinary  polarization >  the  X  indicates  extraordinary  polarization,  and 
the  arrows  point  to  the  direction  from  where  oblique  echoes  are  received.  The  arrows 
composing  the  Es  trace  at  130  km  all  point  to  the  north-east.  The  oblique  F  echoes  be¬ 
tween  4.5  and  6.5  MHz  come  from  the  south  and  southeast.  ARTIST  finds  the  leading  edge 
of  the  overhead  echo  traces  for  the  E  and  F  layers.  The  autoscaled  h'(f)  traces,  marked 
by  the  letters  E  and  F,  are  superimposed  on  the  raw  ionogram,  thus  providing  a  means  of 
checking  the  ARTIST  performance.  The  letter  T  is  used  for  presenting  the  calculated 
true  height  profile.  For  each  layer,  F,  FI  and  F2,  the  profile  is  given  in  terms  of  a 
modified  sum  of  Chebyshev  polynomials  (Gamache  et  al.,  1985).  The  coefficients  of  the 
Chebyshev  polynomials  are  stored  on  magnetic  tape  and  transmitted  to  the  data  center  via 
telephone  links.  ARTIST  scales  the  following  ionogram  parameters:  foF2 ,  foFl,  foE, 
foEs,  MUFF2C3000),  fminF,  fminE,  h'F,  h'F2,  h'E  and  h'Es,  The  frequency  spread  for  both 
E  and  F  is  determined,  and  also  the  average  range  spread  (listed  as  FF,  FT,  QE  and  QF  in 
Figure  2).  The  virtual  height  traces  h'(f)E  and  h'(f)F  are  recorded  together  with  the 
measured  echo  amplitudes  and  Doppler  frequencies. 

Is  the  quality  of  the  autoscaled  data  adequate  for  the  high  frequency  radio  communication 
and  radar  engineers,  and  for  the  ionospheric  modelers?  Recent  comparisons  of  ARTIST  scal¬ 
ings  for  foF2  and  MUF(3000)  with  manual  readings  by  experienced  ionogram  scalers  (Gilbert 
and  Smith,  1988)  show  that  ARTIST  provides  acceptable  values  for  about  93%  of  the  time  at 
a  mid-latitude  station.  For  97%  of  the  analyzed  ionograms ,  foF2  was  determined  within 
10.5  MHz.  This  is  somewhat  better  than  the  87%  (Reinisch  and  Huang,  1983)  found  for  the 
auroral  station  at  Goose  Bay  (64.6°N  CGL) . 
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MILLSTONE,  MA  20  OCT  1987  09:04  (EST) 


Figure  2 

The  ULCAR  group  has  recently  developed  the  ARTIST  Data  Editing  Program  (ADFP )  to  estab¬ 
lish  a  quality  control  for  the  ARTIST  data.  Inconsistent  values  are  automatically  de¬ 
tected,  the  raw  ionogram  together  with  the  ARTIST  traces  are  displayed  on  a  computer  dis¬ 
play  screen,  and  aq  operator  can  make  the  required  corrections.  The  electron  density 
profiles  are  updated  automatically.  The  edited  ARTIST  data  are  then  recorded  on  a  1.2 
Mbyte  floppy  disk  which  can  store  the  characteristics  for  about  1,200  ionograms.  This 
floppy  disk  will  be  the  form  in  which  the  data  of  the  ULCAR  station  will  be  published, 
containing  much  more  information  than  is  normally  published  by  ionospheric  stations. 
Besides  the  standard  ionospheric  parameters  the  disk  contains  the  echo  traces,  i.e. 
h’(f),  the  echo  amplitudes  and  Doppler  frequencies  and  the  coefficients  for  the  calculat¬ 
ion  of  the  electron  density  profiles. 

A  companion  program  to  ADEP  prints  frequency  plots  and  electron  density  contours,  as 
shown  in  Figure  3,  displaying  the  data  for  20  October  1987  at  Millstone.  foE,  foEs, 
foFl  and  foF2  are  plotted  in  the  top  panel.  The  extent  of  the  frequency  spread  of  the 
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F  trace  is  indicated  on  the  foF2  curve.  The  lower  half  of  the  figure  shows  the  height 
variations  for  given  electron  densities  (plotted  as  plasma  frequency  contours  in  0.5 
MHz  increments);  the  top  curve  is  hmF2.  Local  midnight  and  noon  are  marked  by  M  and  N, 
and  sunrise  and  sunset  is  marked  by  an  F  and  an  E  for  the  F  and  E  region,  respectively. 
It  is  proposed  that  this  display  become  the  standard  presentation  for  the  data  from  the 
Digisonde  network.  For  specific  case  studies  it  may  be  useful  to  review  the  original 
ionograms.  The  ionogram  survey  (Figure  4)  displays  the  96  quarter  hour  ionograms  for 
one  day  on  a  single  page.  Only  overhead  echoes  with  ordinary  polarization  are  printed, 
oblique  and  X  polarization  echoes  are  deleted. 

3.2  Drift  Mode  Data 

In  the  drift  mode,  the  Digisonde  determines  high  resolution  Doppler  spectra  for  each  of 
the  signals  received  on  seven  spaced  receiving  antennas  (Reinisch  et  al.,  1987,  Buchau 
et  al.,  1987).  The  incidence  angle  of  each  spectral  signal  component  is  calculated 
from  the  seven  respective  phases,  resulting  in  a  skymap  that  shows  the  location  of  the 
simultaneously  existing  reflection  points  (sources)  and  their  respective  Doppler  fre¬ 
quencies.  Tight  clustering  of  the  sources  indicates  a  smooth  ionosphere,  wide  spread  a 
rough  ionosphere.  We  defined  a  roughness  index  RI  that  is  proportional  to  the  angular 
extent  of  the  source  region.  Figure  5  shows  this  index  for  Erie,  CO,  during  a  dis¬ 
turbed  period  in  March  and  a  quiet  period  in  April.  The  solar  zenith  angle  is  plotted 
on  tope  of  the  figure.  The  roughness  index  of  2  at  noon  indicates  an  angular  size  of 
the  reflection  area  of  about  10° ,  while  RI  =  12  at  nigh4-  during  the  disturbed  period 
indicates  60°.  This  pattern  of  smooth  daytime  and  rough  nighttime  contours  was  seen  on 
all  the  Colorado  data  and  also  on  data  from  the  subauroral  station  at  Argentia,  New¬ 
foundland  (Figure  6).  The  night  RI  increases  with  increasing  magnetic  activity  as 
illustrated  in  Figures  5  and  6. 

This  center  of  gravity  of  the  source  locations  defines  the  tilt  vector  consisting  of  a 
tilt  angle,  measured  from  the  overhead  position,  and  tilt  direction,  measured  clockwise 
from  true  north.  The  diurnal  variation  of  these  two  parameters  for  Erie,  CO  is  shown 
in  Figure  7  for  5/6  March  1985.  These  tilt  parameters  are  well  defined  only  when  the 
ionospheric  roughness  is  small.  There  is  a  large  uncertainty  in  defining  the  tilt 
parameters  v.hen  the  sources  are  spread  over  the  sky.  Figure  7  indicates  a  consistent 
southward  tilt  increasing  from  2°  to  3°  during  the  daytime.  Large  of  up  to  10° 

are  occasionally  observed. 

When  the  sources  are  sufficiently  spread  the  three-dimensional  drift:  \*k  L-jc i * y  vector 
which  best  reproduces  the  observed  Doppler  frequencies  (Dozois,  19b'1)  \ 5  calculated. 

In  general,  we  assume  a  uniform  plasma  velocity  over  the  entire  skymap  (AOiiith  angle 
0  <  40°).  Routine  observations  in  the  polar  cap  and  the  auroral  regions  (Buchau  et  al., 
19fT7 )  show  the  predominantly  antisunward  plasma  convection  for  long  periods  of  time. 

The  F  region  drift  in  the  central  polar  cap  (Qanaq,  Greenland,  87.6°N  CGL)  is  shown  for 
five  consecutive  days,  October  18  to  22,  1987  in  Figure  8.  Direction  and  magnitude  of 
the  horizontal  drift  vector  are  plotted  against  universal  time.  For  a  southward  z  com¬ 
ponent  of  the  interplanetary  magnetic  field  (IMF)  one  expects  an  antisunward  drift 
(Cauffman  et  al.,  1972).  Since  the  IMF  data  were  not  available  for  the  period  covered 
in  Figure  8  we  listed  the  Kp  values.  As  seen  here  and  also  in  other  data,  the  drift 
direction  is  generally  antisunward  when  Kp  >  2  while  strong  deviations  in  the  sunward 
direction  are  observed  when  Kp  is  very  smalT.  In  the  period  covered  by  Figure  8,  the 
most  consistent  antisunward  convection  occurs  from  13  UT  on  20  October  to  21  UT  on  the 
next  day,  when  Kp  varies  between  2  and  4.  A  90°  deviation  is  observed  from  midnight  to 
12  UT  on  20  October.  October  22  shows  sunward  convection  for  about  8  hours  starting  at 
12  UT  when  Kp  =  1.  The  Qanaq  ionogram  snrvev  (vertical  0  trace  only)  for  20  October 
(Figure  9)  reveals  that  the  F  region  was  disturbed  until  12  UT,  and  the  F  traces  shew 
spreading  and  forking.  After  13  UT,  when  the  drift  is  consistently  antisunward,  the 
ionogram  signatures  are  different,  suggesting  a  fairly  smooth  ionosphere,  even  though 
Kp  increases  to  4. 

4.  Conclusions 

The  growing  Digisonde  256  network  makes  it  possible  for  the  first  time  to  obtain  elec¬ 
tron  density  profiles  of  the  bottomside  ionosphere  on  a  global  basis  with  good  time 
resolution.  All  the  data  reduction  is  done  in  real  time  leaving  only  data  editing  and 
display  to  be  done  off  line.  It  seems  that  this  data  base  can  provide  the  test  bed  for 
the  ionospheric  modeling  efforts.  A  world-wide  study  of  the  ionospheric  roughness  and 
the  ionospheric  drift  could  give  new  inputs  to  the  modelers.  It  will  be  important  to 
conduct  coordinated  measuring  campaigns  to  study  large  scale  phenomena  like  atmospheric 
gravity  waves. 
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DISCUSSION 


R.Showen 

How  are  the  velocities  determined?  At  what  frequencies  are  they  measured  with  respect  to  the  critical  frequencies? 
Are  they  radial  or  inferred  horizontal  velocities? 

Author’s  Reply 

The  velocity  is  determined  like  for  a  multi  beam  radar.  The  transmit  antenna  illuminates  a  large  area  of  the  ionosphere. 
Wherever  the  perpendicularly  condition  is  satisfied,  the  reflected  signals  return  to  the  receiving  antenna  array.  The 
plasma  motion  V  imposes  a  Doppler  on  each  reflected  signal  that  is  d  =  •  V.  Discrete  Fourier  transform  in 

the  Dijisonde  separates  the  different  reflection  points  by  spectral  analysis.  The  locations  of  the  reflection  points  are 
determined  by  the  receiving  array  (~  100  m  baselines)  using  the  phases  for  each  Doppler  line.  A  three-dimensional 
velocity  vector  V  is  then  fit  by  the  method  of  least  squares  errors  to  the  source  location/Doppler  field. 


K.  Rawer 

Conserving  past  data  is  important  in  geophysics  and  for  application  as  well.  How  do  the  stations  archive  their  data? 
What  kind  of  compressed  information  is  going  to  the  (National  or  World)  Data  Center? 

Author’s  Reply 

The  majority  of  Dijisonde  stations  record  the  digital  ionograms  and  the  scaled  data  on  digital  magnetic  tape  (1600 
bpi;  4  blocks  of  4096  bytes  for  each  ionogram.)  The  tapes  from  AFGL  stations  are  stored  at  AFGL  and  ULCAR  for 
several  years,  and  then  they  are  transferred  to  WDCH  in  Boulder.  The  Millstone  data  are  now  edited  with  ULCAR's 
Automatic  Data  Editing  Program  (ADEP)  and  the  edited  data  (h'(f)  traces  with  Doppler,  spread  and  amplitude,  the 
parameters,  and  the  profile  coefficients)  are  written  on  floppy  disk  with  data  for  1200  ionograms  per  disk.  These  disks 
are  sent  to  WDCA. 
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SUMMARY 

The  solar-terrestrial  system  involves  a  myriad  of  macro-  and  microphysical  processes  that  challenge  the 
development  of  a  unified  physical  description  of  solar,  magnetoepheric,  interplanetary,  and  thermospheric 
controls  of  the  gIobal-6cale  ionosphere.  A  well-planned  interdisciplinary  effort  combining  theoretical  mod¬ 
elling  with  a  coordinated  measurement  program  should  lead  to  significant  advances  in  our  understanding 
of  the  solar-terrestrial  system  as  a  whole  and  the  development  of  a  real-time  predictive  capability  for  a 
world-wide  specification  of  ionospheric  conditions  as  they  are  dictated  by  the  controlling  subsystem  inputs. 

The  SUNDIAL  program  has  such  a  focus,  with  a  combined  modelling  and  measurement  program  that 
includes  solar,  solar  wind,  interplanetary  and  geomagnetic  data,  and  nearly  70  ionospheric  monitoring  sta¬ 
tions  at  high-,  middle-  and  low-latitudes  in  the  American,  European/ African,  and  Asian/  Australian  sectors. 
The  program  operates  in  an  8-14  day  campaign  mode  with  around-the-clock  measurements.  Campaigns  were 
initiated  in  October  1984,  and  since  September  1986  have  been  conducted  at  9-month  intervals  to  study  each 
of  the  four  ionospheric  seasons  twice  within  the  ascending  phase  of  the  current  solar  cycle.  We  review  the 
measurement  and  modelling  elements  in  the  the  program,  discuss  perspectives  on  global-scale  ionospheric 
predictability,  and  highlight  some  of  the  accumulating  results  which  address  magnetospheric  substorms  and 
the  triggering  of  equatorial  spread-F. 


1.  INTRODUCTION 

To  understand  coupling  processes  in  the  system  of  solar-terrestrial  plasmas  requires  the  synthesis  of 
solar,  interplanetary,  magnetoepheric,  thermospheric  and  ionoepheric  physics.  From  certain  perspectives, 
the  ionosphere  can  be  viewed  as  the  culmination  of  all  the  contributions,  and  the  accurate  specification 
of  ionoepheric  electron  density  distributions  at  any  time  and  under  any  conditions  can  be  viewed  as  a 
critical  test  of  our  understanding  of  the  myriad  of  coupling  terms.  This  is  the  perspective  of  the  SUNDIAL 
investigation  [l]  with  its  objective  being  the  development  of  a  comprehensive  understanding  and  predictive 
capability  for  the  causal  relationships  which  control  the  quiescent  and  disturbed  global-scale  ionosphere. 
While  the  focus  is  the  ionospheric  state  at  any  place,  at  any  time  and  under  any  condition,  the  program 
requires  and  measures  solar  and  interplanetary  inputs,  and  works  to  establish  a  detailed  understanding  of 
the  interactive  roles  that  the  ionosphere  plays  with  the  magnetosphere  and  thermosphere. 

Aspects  of  ionospheric  specification  and  prediction  involve:  (1)  its  "quiet  time”  altitude  profile  at  any 
place,  at  any  time,  and  for  any  season  and  period  within  the  sunspot  cycle;  (2)  its  global-scale  response  to 
dynamic  events;  and  (3)  its  irregularity  scale-sise  distributions  under  unstable  geoplasma  conditions.  The 
time-frame  classification  of  predictions  is  another  important  aspect,  because  it  helps  provide  a  qualification 
on  the  type  of  prediction  and  helps  focus  attention  on  the  fundamental  input  requirements. 

Current  advances  in  solar-terrestrial  physics  suggest  that  accurate  ionospheric  prediction  is  achievable 
at  two  temporal  levels.  First  is  the  intermediate  term,  involving  periods  of  tens  of  minutes,  hours,  and 
days,  with  the  upper  limit  being  the  27-day  solar  rotation  period.  It  is  in  the  intermediate  term  that  the 
best  possibility  exists  for  the  development  of  genuine  ionospheric  prediction  capabilities.  In  the  longer  term, 
periods  of  months  and  years,  the  best  that  can  be  expected  is  a  prediction  of  "average”  ionospheric  behavior 
(i.e.  ionoepheric  climatology)  for  input  terms  characteristic  of  the  solar  and  seasonal  period  for  which  the 
prediction  is  developed.  Clearly,  a  systematically- improved  intermediate-term  prediction  capability  will 
enhance  the  quality  of  the  predictions  for  the  longer  term. 

Omitted  from  the  above  discussion  have  been  considerations  given  to  short  term  predictions  involving 
times  of  the  order  of  seconds  to  tens  of  minutes.  Accumulated  knowledge  suggests  that  predictions  in  this 
time  frame  are  largely  faulted  by  nondeterministic  processes  and  that  the  loosely  scientific  approach  of 
persistence  is  the  only  tool  currently  available. 


2.  THE  MULTI-MEASUREMENT  AND  MODELLING 
APPROACH  OF  SUNDIAL 


2.1  The  Ground-Based  Program  and  Supporting  Satellite  Activities 

The  SUNDIAL  campaigns  have  made  several  contributions  to  an  increased  understanding  of  solar- 
terrestrial  coupling  processes  and  an  improved  capability  in  intermediate  and  long-term  predictions  [1-7). 
In  the  development  of  the  program  elements  (see  t.g.  Figure  1),  a  coupling  of  theory  with  experiment 
was  established  as  an  “a  priori”  condition  for  tests  of  our  developing  understanding.  Concentrated  and 
coordinated  periods  of  global-scale  measurements  and  intimate  involvement  of  the  site  investigators  were 
also  established  as  a  definitive  means  for  understanding  ionospheric  responses,  associated  coupling  processes, 
and  determining  a  quality  data  base  for  comparison  with  theoretical  predictions  and  existing  empirical 
models. 

The  ionospheric  monitoring  network  that  supports  the  SUNDIAL  effort  involves  nearly  70  stations 
covering  high-,  middle-,  and  low-latitudes  in  the  American,  European/African  and  Asian/Australian  sectors 
(see  Figure  2  and  Table  1).  The  program  operates  with  an  agreement  on  common  data  formats  and  works 
to  accomplish  around-the-clock  data  collection  on  a  minimum-resolution  quarter-hourly  basis  for  campaign 
periods  8-14  days  in  length.  Solar,  solar-wind,  interplanetary,  and  geomagnetic  data  are  also  included 
through  the  NOAA/SESC  World  Data  Center. 

The  groun  i-based  ionospheric  measurement  techniques  used  in  the  SUNDIAL  investigation  include 
ionosondes,  backscatter  radar?  polarimeters,  magnetometers,  scintillation  receivers,  all-sky  and  scanning 
photometers,  and  Fabry- Perot  interferometers,  with  some  site-specific  capabilities  presented  in  Table  1. 

The  SUNDIAL  ground-based  swept-frequency  ionosonde  network  .^presents  a  most- valuable  cost- 
"fFecti.e  data  acquisition  resource.  Measurements  are  carried  out  with  maximum  temporal  resolution  (ap¬ 
proximately  one-to-five  minutes  for  a  complete  trace)  at  a  minimum  duty  cycle  of  once  every  15  minutes 
(with  some  stations  operating  routinely  on  a  5  minute  duty  cycle)  for  the  entire  8-14  day  campaign  period. 
The  processed  ionosonde  data,  reported  in  an  agreed-upon  uniform  format,  represent  daily  time  plots  of  the 
peak  F-region  density  (through  /gF^),  and  three  relevant  heights  ...  an  estimate  of  the  F-peak  [hpF 2-  the 
height  at  80%  the  3  MHz  plasma  frequency  (hij),  and  the  lowest  edge  of  the  bottomside  (h'E).  In 

addition,  any  development  of  range  spreading  is  represented  by  a  numerical  code,  with  numbers  1,  2,  and 
3  depicting  at  any  frequency  the  degree  of  spreading  in  the  ionogram  for  <  100  km,  100-200  km,  and  > 
200  km,  respectively.  Furthermore,  E-region  characterizations  (represented  by  /j  Es  and  f^Es)  are  included 
in  the  total  data  presentation  and  real-height  profiles  are  generated  using  the  POL  AN  program  of  J.  E 
Titheridge. 

For  the  ionosonde  network  the  SUNDIAL  scientists  have  developed  a  PC-compatible  data  acquisition 
‘■ystem  called  CIDDAS  (Computerized  Ionosonde  Data  Display  and  Acquisition  System).  Participating 
stations  enter  their  data  cn  CIDDAS  flopppies,  which  include  uniform  plot  formats  and  provide  a  relatively 
inexpensive  vehicle  for  data  r. -chiving,  distribution,  and  large  volume  processing  when  uploaded  into  a  main 
frame. 

The  overail  ground-oased  diagnostic*  system  (ionosondes,  radars,  etc.)  is  routinely  complemented  with 
.elevant  satellite  observations.  To  date,  major  contributions  nave  included  measurements  from  IMP-8. 
NOAA  TIROS  and  VIKING. 

2.2  The  Modelling  Program  and  It’s  Synergism  with  Observations 

An  overall  perspective  on  requirements.  The  overall  goal  of  the  program  is  the  development  of  a  pre¬ 
dictive  capability  for  (he  condition  of  the  ionosphere  in  its  quiescent  and  disturbed  state.  In  reducing  this 
state:ne>  t  to  its  most  fundamental  definition,  there  arises  a  requirement  for  the  prediction  of  the  iono¬ 
spheric  plasma  density  profile  Ae(a)  at  all  latitudes  and  longitudes,  and  for  any  time.  To  properly  .  fict 
A’e \r.6y<t>,t)  one  mus  necessarily  take  account  of  all  contributing  processes  involving  production,  transport. 
«.•.  1  loss. 

Accurate  specification  of  ,Ve(r”,  t)  is  the  ultimate  objective  of  SUNDIAL  code  prediction,  and  accordingly 
i.  shown  as  the  finai  output  in  the  simple  flow  diagram  of  the  measurement  and  modelling  activities  in  the 
T  .ogram  (see  Figure  3).  The  zeroth-order  input  requirements  (left-most  box  in  Figure  3)  trace  themselves 
to  the  .Sim  D’V  radiation  is  Implicit),  but  require  only  definition  of  the  interplanetary  parameters  involving 
the  solar  wind  density  and  velocity,  and  the  interplanetary  magnetic  field  and  its  vector  direction.  Coupling 
these  primary  input  terms  to  the  required  output  are  two  first  principle  codes  (the  Rice  Convection  Model 
and  the  Utah  State  Global  Ionospheric  Model,  discussed  in  detail  in  References  1,  2,  and  3)  which  treat  the 
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Figure  1.  Solar- terrestrial  elements  in  the  SUNDIAL  program. 


Figure  2.  SUNDIAL  network  of  ionospheric  stations. 


Fimre  3-  The  modelling  and  measurement  approach  of  the  SUNDIAL  program. 
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TABLE  1 


A  subset  oT  SUNDIAL  ground  stations  and  m-jor  facilities. 


_ 

Africa 

_ 

Dak* 

Ouagadougou 
(Upper  Volta) 

Ua  Roman 

tA.LmL)IPi A iKS  Id. trees. _ 

'IN,  1}  W 

SN.  OW 

21  W  S.  55  55'  E 

- FACILITIES* 

l 

Argentina 

Bueoaa  Aires 
Osaepaon  Is. 
Falkland  Is. 

34  5  S  58  30  W 

63  S.  5s  W 

51  50'  S.  51  W 

26  54  S.  65  24  W 

I 

I 

A/u»eaca 

Mawson 

Davis 

6?  6C  S.  62  90'  E 

70S 

1 

Autfralia- 

Tumiiui 

Brisbane 

Canute  (Syd.  ey) 
Canberra 

Hobart 

Maoquane  Is. 
Mundarog 
Norfolk  U. 
Towneavxlle 

27.30. 1 52.90  E 

34  S.  150  40  E 

35.30  S.  !49  E 

42  90-  S.  147  30'  E 

54  50‘  S.  159 

31.99  S.  116.31  E 

29  S.  169  E 

19.63  S.  146  85  E 

i 

i 

l 

l 

Brazil 

Betm 

Blumenau 

Brasilia 

S.  I.  dot  Campos 

Nacai 

C.  Paulina 

1  25-  S.  4«  25'  W 

28  S.  49  W 

15  52-  S.  «  01'  W 

23  41  S.  45  W 

3  52  S.  45  51'  W 

5  5 1  S.  35  14'  W 

22  41-  S.  45  W 

i 

i 

i 

3  « 

1 

1  3  5 

Canada 

Gooae  Bay 

53  IS1  N.  60  2C  W 

12  3  5 

Europe 

Graz.  Austria 

47  N.  6  E 

t 

Laanaoo 

48  45'  N.  3  2T  W 

UadaiVHan 

52  N,  10W 

3 
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magnetospheric  and  ionospheric  domains,  respectively.  The  codes  are  not  “first  principle"  from  a  purist’s 
perspective,  for  they  require  a  number  of  empirical  model  inputs  to  couple  themselves  to  processes  that 
go  beyond  the  current  capabilities  for  a  full-scale  self-consistent  “first-principles”  approach.  While  each 
of  these  codes  have  elements  that  include  thermospheric  specifications,  the  NCAR  Thermospheric  General 
Circulation  Model  (TGCM)  of  Roble  and  co-workers  [8,  9  and  references  therein]  has  been  the  major 
theoretical  thermospheric  component  in  the  program  since  the  1986  campaign. 

The  Rice  Convection  Model.  The  Rice  Convection  Model  (of  Wolf  and  co-workers)  provides  a  consistent 
picture  of  the  plasma  sheet,  ring  current,  the  plasmasphere  and  ionospheric-related  parameters  (for  details 
and  relevant  bibliographies  see  Spiro  et  oh[3]).  It  covers  the  lower  latitude  part  of  the  auroral  zone,  beginning 
roughly  at  the  equatorward  edge  of  region-1  Birkland  currents,  and  extends  out  to  about  10  Re  in  the 
equatorial  plane.  The  auroral  electric  field  profiles  tend  to  be  more  realistic  than  power-law  descriptions 
and  the  model  provides  an  improved  representation  of  electric  field  penetration  to  low  latitudes.  Some  of  the 
new  —  features  in  the  code  (e.ff.,  the  thermospheric  wind  model)  are  being  tested  in  the  SUNDIAL  program. 

The  Utah  State  Ionospheric  Model.  The  ionospheric  model  adopted  for  test  and  development  in  the 
SUNDIAL  program  is  that  of  Sojka  and  Schunk  (for  details  and  relevant  bibliographies  see  Szuszczewicz  et 
al.  [lj  and  Schunk  and  Szuszczewicz  [2]).  It  is  a  time-dependent,  3-dimensional,  multi-ion  (NO+,  , 

0+ ,  AT*" ,  He+)  model  of  the  global  ionosphere  at  altitudes  between  120  and  8 00  km.  The  model  takes  ac¬ 
count  of  the  effects  of  field-aligned  diffusion,  cross-field  electrodynamic  drifts  both  in  the  equatorial  region 
and  at  high  latitudes,  interhemispheric  flow,  thermospheric  winds,  polar  wind  escape,  energy-dependent 
chemical  reactions,  neutral  composition  changes,  and  ion  production  by  EUV  radiation  and  auroral  precip¬ 
itation. 

Altitude  profiles  of  the  ion  and  electron  temperatures  and  the  six  ion  densities  are  obtained  by  solving 
the  appropriate  continuity,  momentum,  and  energy  equations.  At  middle  and  high  latitudes,  the  equations 
are  solved  over  the  altitude  range  from  120  to  800  km,  with  chemical  equilibrium  at  120  km  and  a  specified 
plasma  escape  flux  at  80o  km  being  the  lower  and  upper  boundary  conditions,  respectively.  At  low  lati¬ 
tudes,  the  temperatures  and  densities  are  computed  along  trans-equatorial  flux  tubes  from  120  km  in  one 
hemisphere  to  120  km  in  the  conjugated  hemisphere. 

Empirical  modelling.  The  data  acquired  in  all  SUNDIAL  campaigns  will  also  provide  a  valuable  resource 
in  improving  existing  empirical  models  of  the  global-scale  ionosphere.  The  empirical  models  are  based  on  a 
statistical  and/or  numerical  description  of  the  ionosphere  in  terms  of  location  (geographic  or  geomagnetic), 
time  (solar  zenith  angle),  solar  activity  (10.7  cm  flux  or  sunspot  number),  and  season.  By  definition,  empiri¬ 
cal  ionospheric  models  are  based  on  accumulated  data,  including  critical  frequencies  (/q£,  /g£$,  /gPi,  and 
f()f 2),  altitudes  of  peak  concentrations  (hm£,hmFi,  and  hmF2)t  and  half  thicknesses  of  the  individual 
layers.  The  data  is  compiled  typically  from  ionosondes,  topside  sounders,  and  “in  situ”  satellite  and  rocket 
profiles  (wherever  available).  Averaged  profiles  are  then  synthesized,  and  analytical  fits  developed  with  the 
end  product  representing  an  intelligent  mix  of  empiricism,  physics,  extrapolation,  and  intuition. 

There  are  a  number  of  contemporary  schemes  for  empirical  modelling  of  ionospheric  profiles,  with  a 
recent  review  and  relevant  bibliography  included  in  Reference  2.  The  International  Reference  Ionosphere 
(IRI)  has  been  adapted  for  comparative  purposes  in  the  SUNDIAL  investigations. 

The  IRI  attempts  to  provide  global-scale  information  not  only  on  the  macrocale  features  of  electron 
density,  but  also  on  the  ion  and  electron  temperatures,  and  the  ion  composition.  It  is  a  simple,  fast-running 
PC-compatible  code  that  allows  a  synthesized  perspective  on  UT,  LT,  solar-cycle,  seasonal  and  magnetic 
latitude  effects.  These  features  make  the  IRI  an  attractive  model  for  comparison  with  SUNDIAL  data 
and  our  first-principle  code  results.  It  is  an  evolutionary  code  which  makes  no  pretense  about  predictive 
capabilities,  with  its  primary  emphasis  being  an  attempt  at  a  global-scale  representation  of  experimental 
observations.  In  this  regard  the  IRI  makes  its  limitations  clear,  particularly  with  regard  to  the  relative 
paucity  of  ion  composition  results  and  inadequacies  at  auroral  latitudes.  The  founders  and  contributors 
to  the  IRI  encourage  workers  in  the  field  to  help  fill  in  the  gaps,  both  in  the  understanding  of  ionospheric 
processes,  and  in  the  scope  of  experimental  coverage.  We  expect  that  the  SUNDIAL  activities  will  be  most 
useful  in  their  theoretical  and  experimental  comparisons  with  the  IRI,  providing  not  only  an  improved  speci¬ 
fication  of  the  global-scale  ionosphere,  but  also  an  adaptive  model  specification  which  will  allow  descriptions 
of  global  ionospheric  responses  to  such  dynamic  events  as  magnetospheric  substorms. 

S.  CAMPAIGN  RESULTS 

3.1  Triggering  of  Equatorial  SDread-F_bY  an  Interplanetary  Event 

The  1984  SUNDIAL  campaign  made  several  advances  that  contributed  t r  j  understanding 

of  solar-terrestrial  coupling  processes  and  an  improved  capability  in  intermediate  «wiu  ..ig-term  predictions 
[1-7].  It  was  a  campaign  that  involved  eight  days  of  around-the-clock  measurements  of  the  global-scale 
ionosphere,  complemented  by  solar,  interplanetary  and  magnetospheric  inputs.  Particularly  valuable  to  the 
ionospheric  complement  and  associated  magnetometer  measurements  were  solar  observations  of  a  cross- 
equatorial  coronal  hole,  interplanetary  particle  and  field  characterisations  of  a  high  speed  solar  wind  stream 
by  the  IMP-8  spacecraft,  specification  of  exo- ionospheric  inputs  to  high  latitudes  by  NO  A  A /TIROS  satellite 
measurements,  and  the  synoptic  field  and  energy  input  terms  developed  in  collaboration  with  the  Millstone 
Hill  facility.  The  measurement  and  modelling  activities  covered  both  quiet  and  disturbed  conditions,  with 
emphasis  on  an  accurate  specification  of  the  quiescent  state  of  the  global-scale  ionosphere  and  the  dy- 


namic  effects  of  two  aubstorms  that  occured  during  the  campaign.  One  of  the  two  subetorms  resulted  in 
the  most  intense  condition  of  equatorial  spread-F  ever  recorded.  Of  particular  importance  to  predictions, 
the  84  campaign  was  able  to  trace  coupling  processes  through  a  spectrum  of  events  that  started  with  the 
eoronal-hole-generated  high-speed  solar  wind  stream.  Measurements  and  models  accounted  for  interplane¬ 
tary  magnetic  field  dynamics,  the  development  and  decline  of  croes-polar  cap  potentials,  the  “stirring”  of 
fossil  winds  at  high-latitudes,  associated  penetration  of  attendant  electric  fields  to  the  equatorial  domain 
and  their  catalytic  effects  in  the  triggering  of  equatorial  spread-F.  In  the  paragraphs  to  follow,  we  offer 
the  details  of  the  solar-terrestrial  observations,  their  interactive  and  corroborative  components,  their  causal 
contributions  to  the  spread-F  event,  and  their  relevance  in  bounding  the  modelling  efforts.  A  comprehen¬ 
sive  reporting  of  all  SUNDIAL-84  results  appears  in  References  1-7.  Szuszczewicz  et  ai  [l]  provide  an 
overview  of  the  entire  activity,  along  with  a  synopsis  of  operations,  observations  and  attendant  analyses  of 
all  accumulated  data.  Schunk  and  Szuszczewicz  [2]  provide  a  perspective  on  the  current  status  of  global- 
scale  ionospheric  models  while  References  1  and  3-7  attempt  to  pull  the  observational  program  elements 
together  with  detailed  analyses. ..dealing  first  with  solar  and  interplanetary  observations  (Szuszczewicz  ei 
at  [l]),  solar  wind-magnetospheric-ionoepheric  coupling  processes  (Spiro  et  ai  |3))  and  the  comparisons  of 
global-scale  ionospheric  data  with  existing  and  developing  models  (Robinson  et  at  [4],  Leitinger  et  at  [5], 
Wilkinson  et  at  [6],  and  Abdu  et  ai  [7]). 

SUNDIAL-84  covered  the  5-13  October  1984  period  which  was  approaching  solar  minimum  in  the 
declining  phase  of  Solar  Cycle  21.  It  was  a  flare-free  interval  that  included  the  rise,  maximum,  and  fall  in  the 
velocities  of  a  co-rotating  high-speed  solar  wind  stream  eminating  from  the  equatorward  extension  of  a  polar 
coronal  hole.  With  the  exception  of  the  transition  to  the  dynamics  associated  with  the  high-  speed  stream, 
solar  phenomenology  was  nominally  that  of  a  typical  solar  minimum  condition.  Solar  activity  was  very  low 
throughout  the  SUNDIAL  period  with  the  Sun  spotless  for  several  days.  There  were  no  significant  flares  at 
soft-x-ray  wavelengths  (1-8  A),  or  notable  solar  radio  noise  events  during  the  period;  and  only  a  few  optical 
flares  were  reported  with  no  significant  enhancements  in  energetic  particle  fluxes  measured  at  geosynchronous 
satellite  altitudes.  The  trans-equatoriaJ  corona!  hole  and  the  associated  interplanetary  particle  and  magnetic 
field  dynamics  provided  the  causal  terms  for  magnetospheric  and  ionospheric  disturbances  observed  at  the 
end  of  the  second  day  in  the  SUNDIAL-84  campaign  [l].  The  geomagnetic  field  was  mostly  quiet  on  the 
5th  and  6th  ( Ap  =  7  on  the  5th)  and  throughout  the  major  portion  of  the  SUNDIAL  observation  period. 

Analyses  of  high-latitude  magnetograms  [3]  supported  the  existence  of  quiescent  ionospheric  and  mag¬ 
netospheric  conditions  at  SUNDIAL  times  prior  to  2000  UT  on  6  October.  The  period  2000-2100  UT  marked 
the  onset  of  a  substantial  substorm  with  full  development  at  2200  UT  (600  7  maximum  excursion).  This 
onset  is  reflected  in  the  southward  turning  of  the  IMF  at  2018  UT  on  6  October  (see  Figure  4)  and  in  the 
Dst  and  AE  indices  plotted  for  6-7  October  1984  in  Figure  5.  Several  of  the  magnetogram  sites  indicated 
the  beginning  of  a  recovery  phase  at  about  2220  UT  and  at  2300  UT  all  stations  had  recovered.  These 
results  are  consistent  with  the  IMF  data  in  Figure  4,  which  show  a  southward  turning  of  the  IMF  at  2018 
UT  on  the  6th,  with  a  sudden  northward  reversal  at  2200  UT.  The  magnetogram  results  and  attendant  AK 
indices  (see  Reference  3)  also  suggest  that  the  IMF  maintained  its  northward  orientation  throughout  the 
rest  of  the  evening  on  the  6th  (filling  in  the  gap  in  the  IMP-8  data).  Magnetogram  analysis  also  points  to 
another  substorm  in  the  period  0100-0200  UT  on  the  7th. 

A  measure  of  energetic  particle  precipitation  power  at  high  latitudes  and  the  cross  polar  cap  potential 
throughout  the  entire  SUNDIAL  period  was  made  available  through  the  NO  A  A/TIROS  “precipitation 
activity  index”  (10).  The  results  are  presented  in  Figure  6,  with  an  inspection  of  the  data  showing  a 
correlation  with  the  events  described  on  5  through  7  October.  The  figure  also  shows  for  that  period  a 
sustained  precipitation  power  greater  than  70  GW  and  a  cross-polar  cap  potential  averaging  about  75  kV. 
These  levels  of  power  and  potential  correspond  to  a  precipitation  activity  index  8  to  9  and  an  average  Kp 
between  4°  and  5"  .  Further  inspection  of  Figure  6  shows  the  low  input  power  levels  on  5  October  and 
through  20  UT  on  6  October,  and  again  in  the  final  two  days,  12-  13  October,  of  the  campaign. 

The  “record  setting”  SUNDIAL-84  spread-F  and  associated  3m  irregularity  plume  events  at  the  Jica- 
marca  Radar  Observatory  (Figure  7)  followed  a  rapid  increase  in  the  vertical  F-region  plasma  drift  velocity 
that  had  its  onset  at  about  1900  LT  [1,3].  This  vertical  drift  velocity  enhancement,  at  a  universal  time 
of  00  UT  on  7  October,  is  typical  of  low  latitude  electric  field  penetration  events  during  magnetospheric 
disturbances.  Such  events  in  the  dusk  sector  are  often  associated  with  sudden  increases  in  magnetospheric 
convection  (see  References  3  and  11).  Its  occurrence,  immediately  following  the  normal  evening  F-region 
dynamo- induced  pre- reversal  enhancement  in  the  vertical  ionization  drift  (that  had  an  onset  at  18  LT  (23 
UT)  on  this  day,  see  Figure  8),  is  believed  reponsible  for  the  intense  nature  of  this  unprecedented  spread-F 
event  over  Jicamarca  (see  References  3,  7  and  12).  Simultaneous  fluctuations  in  F-layer  heights  and  hori¬ 
zontal  (H)  components  in  ruagnetograms  were  observed  at  locations  in  the  American,  African,  Indian,  and 
Southeast  Asian  sectors  of  the  equatorial  zone  (see  e.g.,  Figure  8).  Evidence  cf  coupling  of  the  different 
ionospheric  height  domains  was  also  detected  at  a  number  of  geographic  regions  as  well  as  on  a  global  scale 
(Abdu  et  a/.,  1988  (7|). 

The  campaign  provided  two  distinct  opportunities  to  model  and  test  developing  concepts  for  inter¬ 
planetary  and  high-latitude  controls  over  equatorial  F-region  dynamics.  The  two  events  (one  of  which  was 
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Figure  4.  B2-component  of  the  IMF  for  ail  measurement  periods  of  the  IMP-8  spacecraft  on  5.  6 
October  1984.  B?  units  in  nT.  (Courtesy  of  R.  Lepping  at  GSFC). 


Figure  5.  Dst  and  AE  indices  for  6-7  October  1984  (Adapted  from  [3|i. 


Figure  6.  Energetic  particle  precipitation  power  at  high  latitudes  and  the  cross  polar-cap  potential  for  the 
SUNDIAL-84  period  as  calculated  from  NOAA/TlROS  satellite  data  (Courtesy  of  J.  Foster,  see  e.g.  Foster 
ct  oi.,  1986). 
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Figure  7  Jicamarc*  radar  plot  of  reflected  energy  from  domains  of  3-m  plasma  irreguJaritjes  during  the 
equatorial  spread-F  event  of  6-7  October  1984  (UT=LT  +  5hr). 
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discussed  above  as  *j record  setting*),  represented  by  the  vertical  drift  velocity  measurements  in  Figures 
8  and  9,  correspond  xi  to  the  onset  and  recovery  phases  of  separate  subs  torn*.  More  specifically,  they 
were  associated  wit.,  southward  and  northward  turnings  of  the  IMF  and  the  associated  increase  (Figure 
8)  and  decrease  (Figure  9)  in  convection  electric  fields  at  high  latitudes.  Figure  8  presents  a  24  hour  time 
base  covering  6-7  October  1984,  with  the  smooth  solid  line  representing  the  typical  diurnal  trend  discussed 
above.  The  irregular  solid  line  presents  the  data  available  during  the  late  afternoon  and  early  evening 
hours,  while  the  cross-hatched  region  from  19  through  3  hr  LT  depicts  an  ESF  condition  which  precludes 
drift  velocity  measurements.  The  onset  of  ESF  during  the  period  of  pre-reversal  enhancement  in  Figure 
8  has  been  associated  with  a  southward  turning  of  the  IMF,  an  increase  in  cross  polar  cap  potential  from 
40  to  90  keV,  and  an  Immediate  penetration  (as  measured  and  modelled)  of  increased  electric  fields  to  the 
nighttime  equatorial  domain  (3].  The  penetrating  eastward  fields  at  a  time  when  the  equatorial  F-region 
ionosphere  was  j  e-conditioned  for  ESF  onset  is  believed  to  be  the  catalyst  which  triggered  the  “record 
setting"  spread-F  event  that  occurred  in  the  period  following  19  hr  LT  {1,  3|.  The  numerical  modelling 
experiments  which  describe  the  overall  coupling  of  interplanetary  plasma  and  magnetic  field  parameters 
through  the  magnetospheric  and  high-latitude  ionospheric  domains  to  the  equatorial  F-region  are  detailed 
in  the  work  of  Spiro  et  al.  [3)  and  will  not  be  further  elaborated  upon  here.  Instead,  we  will  discuss  the 
event  depicted  in  Figure  9. 

Figure  9  shows  that  at  about  0100  hr  LT  (0600  UT)  the  vertical  drift  velocity  increased  suddenly  by 
approximately  20  m/s  above  the  normal  quiet-time  value  for  that  time  of  night.  This  change  corresponds  to 
an  increased  eastward  electric  field  of  0.5  mV / m,  an  enhancement  that  occurred  during  the  recovery  phase 
of  a  substorm  observed  at  high  latitudes  in  about  the  same  longitudinal  sector  (3).  Such  a  strong  eastward 
electric  field  perturbation  in  the  midnight-to-dawn  sector  is  a  typical  observation  for  a  sudden  northward 
turning  of  the  IMF  after  having  been  in  the  southward  IMF  configuration  for  one  or  more  hours  [11,  13]. 
To  develop  insight  into  the  coupling  processes  and  to  establish  a  meaningful  quantification  for  contributing 
terms,  a  series  of  numerical  experiments  was  carried  out  with  the  Rice  Convection  Model  (RCM)  developed 
by  Wolf  and  co-workers  (3,  14|.  The  numerical  experiments  assumed  an  idealized  substorm,  patterned 
after  the  high  latitude  time  profile  of  cross- polar-cap  potential  in  the  6-7  October  period  (see  Figure  6). 
That  model  supported  the  interpretation  of  results  in  Figure  8  and  was  employed  in  attempts  to  fit  the 
results  of  Figure  9.  Comparison  of  model  results  with  the  observations  in  Figure  9  led  to  the  following 
conclusions:  1)  Model  calculations  performed  under  the  assumption  of  zero  neutral  wind  were  consistent 
with  the  observations  with  regard  to  pattern  and  maximum  strength,  but  not  with  regard  to  duration;  2) 
The  most  promising  theoretical  explanation  for  the  observed  1-2  hr  duration  of  the  low-latitude  response  to 
decreased  convection  (see  Figure  9)  seems  to  be  the  “fossil-wind”  idea  suggested  by  A.  D.  Richmond.  The 
second  result  is  of  special  significance. 

The  “fossil-wind”  concept  addressed  disturbance  electric  fields  at  low  latitudes  associated  with  a  north¬ 
ward  turning  of  the  IMF,  suggesting  that  the  low-latitude  effects  may  be  traced  to  the  poleward  movement 
cf  the  shielding  layer  (and  the  equatorward  edge  of  the  auroral  oval)  when  convection  decreases.  The  pole- 
ward  retreat  of  the  shielding  layer  can  leave  behind  a  high-latitude  neutral  wind  (termed  “fossil”  wind)  with 
dynamo  electric  field  effects  which  can  penetrate  unshielded  to  low  latitudes.  The  agreement  between  the 
model  results  (with  a  “fossil  wind”)  and  observations  helps  elucidate  the  critical  importance  in  the  proper 
tracking  of  coupling  processes  that  originate  with  a  solar-driven  interplanetary  disturbance,  and  couple 
through  the  magnetospheric  and  high  latitude  ionospheric  domains  to  the  equatorial  F-region  via  the  forces 
of  auroral  oval  dynamics,  winds  and  electric  fields.  While  modelling  such  an  event  falls  in  the  category  of 
intermediate-term  predictability,  this  does  not  mean  that  such  a  predictive  capability  is  in  hand;  the  results 
are  not  completely  unambiguous  and  the  fossil  wind  has  only  been  modelled  in  an  extremely  crude  way. 
It  does  mean  that  the  computer  experiments  performed  with  the  Rice  Convection  Model  have  provided 
substantial  insight  into  the  interpretation  of  low-latitude  ionospheric  responses  to  dynamic  interplanetary 
events,  particularly  when  those  events  can  be  classified  as  discrete  and  stable  turnings  of  the  IMF.  This  has 
given  credibility  to  the  developing  concept  referred  to  as  a  high-iatitude-driven  fossil  wind,  and  for  the  first 
time  focuses  on  a  coupled  system  that  includes  the  magnetosphere,  the  ionosphere  and  components  of  the 
thermosphere.  While  the  current  RCM  model  falls  short  of  a  self-consistent  representation  of  all  terms,  it 
has  allowed  for  an  improved  understanding  of  causal  components  that  include  tidal  winds,  F-region  dynamo 
fields  and  magnetospheric  events.  Further  improvements  in  the  model  specification  of  the  magnetospheric, 
ionospheric  and  thermospheric  domains  hold  promise  for  improved  accuracy  in  understanding  intermediate 
term  events  and  attendant  extrapolations  to  improved  predictive  capabilities. 

3.2  Follow-On  Activities  and  Adaptive  Empirical  Models 

Since  the  SUNDIAL-84  activities,  three  additional  campaigns  have  been  carried  out  covering  8-14  day 
periods  in  September-October  ’86,  May- June  ’87  and  March  ’88.  Analysis  of  results  that  is  furthest  along 
is  that  identified  with  September-October  ’86,  to  be  referred  to  here  as  SUNDIAL-86. 

As  an  equinoctial  campaign,  SUNDIAL-86  represents  an  excellent  follow-up  to  the  ’84  effort.  Covering 
the  period  from  22  September  through  4  October,  the  '86  campaign  occurred  at  the  very  extreme  of  solar 
minimum,  with  the  entire  month  of  September  designated  a  “Solquiet”  and  the  sunspot  number  at  0  during 
most  of  the  period.  (See  synoptic  presentation  of  solar- terrestrial  indices  in  Figure  10 )  For  several  months 
before  and  after  the  campaign,  geomagnetic  activity  and  the  solar  wind  plasma  characteristics  demonstrated 
a  remarkable  (and  some  would  say  predictable)  27  day  recurrence  format.  The  SUNDIAL  period  itself  began 
with  a  very  quiet  day  (22  September),  then  entered  a  substantial  3-day  storm  period  late  on  the  22nd  which 
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Figure  8.  High  latitude  magnetic  field,  equatorial  F-region  vertical  plasma  drift  velocity,  and  h'F  variatiors 
during  6-7  October  1984.  The  dots  indicate  the  times  of  local  midnight. 


Figure  9-  High  latitude  magnetic  field,  equatorial  F-region  vertical  plasma  drift  velocity,  and  h'F  variations 
during  0-12  UT,  6  October  1984.  The  dots  indicate  the  times  of  local  midnight. 
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Ejiure_10.  Solar  terrestrial  activity  indices  encompassing  the  SUNDIAL-86  campaign  pe¬ 
riod.  Panels  top-to-bottom  depict  the  International  Sunspot  Number  Ri ,  the  10.7  solar 
flux,  the  A-index,  the  planetary  Ap  index,  the  24-hr  average  Kpt  NOAA/TIROS  hemi¬ 
spheric  power,  the  3-hr  Kp  index,  and  the  quiet/ disturbed  day  indicator  [Qi/D^  —  most 
quiet/most  disturbed  during  entire  month). 
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Comparison  of  Sundial  to  IRI  F0F2  (MHz)  values  for  Sept.  22  -  Sept.  30  1986 

UT-  0  R-  10.0 


Figure  11.  Comparison  of  /0Fj(=  NmF7  through  plasm* frequency  relationship)  observations  with 
the  contour  plots  of  the  IRI,  including  a  Felditein  aval  specification  at  Q  -  6.  A’s  specify  agreement 
within  ±5%.Z.FJ.H,  and | indicate  the  observations  are  less  than  IRI  specifications  by  $-10%, 
10-20%,  20-40%  a ad  >40%,  respectively.  Q,  and#h*ve  the  same  quantitative  scaling  but 

for  observations  greater  than  the  IRI  specifications. 
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Figure  12.  SUNDIAL  campaign  periods  superimposed  on  predicted  sunspot  numbers  for  solar  cycle  22. 


RISE  OF  SOLAR  CYCLE  22  COMPARED  TO  PREVIOUS  CYCLES 
(From  NOAA/Boulder) 
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slowly  subsided  to  another  global-scale  quiet  day  on  30  September.  The  entire  period  covered  the  most 
quiet  (Qj)  and  second  most  disturbed  (Da)  days  of  the  entire  month  of  September  (see  Figure  X0). 

The  results  of  ’86  and  developing  analyses  are  providing  an  excellent  opportunity  to  extend  and  intensify 
our  understanding  of  coupling  processes  in  the  overall  system.  Reasons  for  this  include: 

i)  The  long  duration  campaign  itself^  which  started  with  a  very  quiet  day,  encompassed  a  major  3-day 
substorm  activity  and  returned  to  a  quiet  condition.  The  science  team  is  now  in  a  position  to  analyze  and 
model  a  global-scale  quiet  condition  and  its  transition  to  a  progressively  disturbed  case. 

ii)  The  diagnostics  in  ’86  were  superior  to  those  available  in  ’84.  SUNDIAL  had  improved  high-latitude 
coverage  with  EISCAT,  Sondrestrom  and  Millstone  Hill;  a  much  improved  complement  of  thermospheric 
wind  measurement  stations;  and  added  satellite  coverage  provided  by  VIKING. 

iii)  SUNDIAL  data  analysis  tools  are  better  developed  than  those  in  ’84.  One  such  illustration  is 
provided  in  Figure  11,  where  we  have  made  use  of  the  CIDDAS  data  acquisition  system  in  a  way  that 
allows  VAX  computer  handling  of  our  global-scale  ionospheric  observations  and  model  predictions.  Figure 
U  shows  contours  of  f ‘qF%  as  specified  by  the  IRI  for  UT=0  under  solar  minimum  conditions  (R=I0) 
during  the  month  of  September.  The  symbols  represent  UT=0  ionosonde-station  observations  averaged  for 
the  September  SUNDIAL-86  period.  The  triangles  represent  agreement  within  5%,  while  circles/squares 
represent  higher/lower  observations  than  that  specified  by  the  local  IRI  values.  As  the  symbols  become  filled, 
disagreement  increases  from  10%  to  greater  than  40%.  The  worst  case  is  represented  by  solid  circles  or  solid 
squares.  Comparisons  of  this  type  are  now  being  executed  at  close  intervals  of  time  to  study  the  transition  of 
the  global-scale  ionosphere  from  its  quiet  condition  on  the  22nd  to  and  through  its  most  disturbed  state  on 
the  24th.  Current  analyses  point  to  very  good  agreement  between  hourly  8-day-averaged  observations  and 
the  global  prescription  of  the  IRI.  On  the  other  hand,  specific  time-progressive  global  plots  of  observations 

starting  with  0  UT,  22  September  and  running  through  24  UT,  25  September  at  3  hours  increments) 
are  revealing  effects  of  auroral  dynamics  on  N2/ 0  ratios  as  manifested  in  reductions  in  values  of  /q F<i- 
The  time-  progressive  plots  are  also  providing  the  fundamental  basis  for  an  adaptive  empirically-derived 
global-scale  ionospheric  model  that  will  assist  in  improved  accuracy  in  longer-term  predictions. 

4.  PERSPECTIVES  AND  PLANS 

The  SUNDIAL  objectives  are  ambitious  and  the  advances  made  thus  far  are  encouraging.  It  is  recog¬ 
nized  however  that  the  near-Earth  space  plasma  environment  will  change  drastically  during  the  rise  of  this 
solar  cycle.  Solar  wind  disturbances  will  no  longer  be  due  to  quasi-sleady  corotating  streams  from  coronal 
source  regions  of  weak,  open  magnetic  fields  (as  in  SUNDiAL-84),  or  to  “predictable"  27-day  recurrences 
(as  in  SUNDIAL-86).  Rather,  the  high  velocities  will  be  produced  by  transient  disturbances  whose  energy 
is  derived  from  highly  dynamic  and  increasingly  active  regions.  Il  is  with  this  perspective  on  increased  and 
T'olonged  solar  dynamics  that  the  SUNDIAL  membership  has  developed  the  schedule  shown  in  Figure  12 
and  delineated  in  Table  2.  The  campaign  schedule  and  associated  workshops  will  trace  the  flow  of  energy 
and  mass  in  the  Sun-Earth  system  through  an  increasing  sunspot  number,  unfolding  in  each  campaign  and 
successive  workshop  the  developing  complexities  in  the  total  system.  The  schedule  provides  for  a  campaign 
and  workshop  every  nine  months,  allowing  for  a  systematic  sampling  of  the  four  ionospheric  seasons  twice 
in  the  transition  from  solar  minimum  to  solar  maximum  of  cycle  22. 

The  issue  of  projected  sunspot  number  for  the  maximum  of  cycle  22  is  being  watched  with  some 
excitement,  since  the  current  rise  rate  exceeds  even  the  strongest  cycles  of  record  (see  Figure  13).  There  are 
some  expectations  that  cycle  22  will  provide  the  highest  activity  of  recorded  solar-geophysical  data.  From 
this  perspective,  the  accumulating  SUNDIAL  data  base  and  attendant  empirical  and  first  principle  model 
improvements  will  provide  a  unique  opportunity  to  fulfill  objectives,  within  the  widest  dynamic  range  of 
solar  controls  ever  studied. 
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DISCUSSION 


B.Reinisch 

How  can  you  dare  to  derive  tbe  instantaneous  polar  convection  pattern  from  a  few  isolated  observation  radars,  of  which 
at  best  two  can  look  into  the  polar  cap? 

Author’s  Reply 

VVe  expect  that  our  five-station  radar  study  of  the  high-latitude  ionosphere  and  associated  convection  electric  field 
should  be  one  of  the  best  studies  conducted  to  date.  We  are  all  keenly  aware  of  the  importance  of  the  field  strength 
ami  pattern,  the  controversy  in  the  dynamics  of  its  morphology,  and  the  synthesis  of  time- variant  satellite  measurement 
of  E  along  tracks  that  has  contributed  to  our  current  phenomenological  prescription  of  two-cell  and  multi-cell  models. 
We  expect  that  our  study  will  be  part  of  the  overall  advance  our  community  is  making  in  understanding  the  high-latitude 
convection  electric  field. 

K.  Rawer 

1.  The  IRI  at  present  uses  the  official  CCIR-map.  There  was  a  U RSI  group  discussing  recent  proposals  for  improved 
maps.  If  CCIR  is  to  follow  the  proposals  of  this  group,  one  will  introduce  a  recent  Australian  program  { Fox  (t  al. )  which 
has  incorporated  features  introduced  by  an  American  group  ( Rusch ,  Anderson  el  al.).  Unfortunately,  the  improvement 
so  reached  over  the  oceans  is  apparently  accompanied  by  not  as  good  agreement  as  before  over  the  continents. 

2.  The  numerical  maps  are  for  monthly  averages.  Since  the  full  dispersion  range  is  about  ±2091.  checking  with  a  few 
days'  results  is  not  really  conclusive;  it  is  however,  quite  helpful  to  know  the  regions  where  larger  differences  have  been 
observed. 

3.  1  agree  with  you  that  the  present  maps  are  not  helpful  in  the  auroral  zones  and  polar  caps.  Since  the  physics  there 
differs  so  much  from  that  at  lower  latitudes.  1  doubt  whether  the  present  mathematical  scheme  is  adequate,  we  cannot 
greatly  increase  the  number  of  coefficients  (which  even  now  is  about  103  per  map).  So  my  proposal  is  to  establish 
separate  maps  for  the  zones  and  establish  a  transition  zone  at  the  equalorward  limit  of  the  oval,  or  at  the  trough. 

Author’s  Reply 

l  ant  glad  that  this  is  a  comment  and  not  a  question 


G.Wrenn 

You  described  comparisons  of  data  with  model  value*  for  an  equinox  campaign.  My  experience  with  si:igu  i-’.atiot; 
empirical  models  is  that  it  is  more  difficult  to  make  good  forecast  of  f0F>,  at  mid  latitudes,  near  equinox  than  at 
solstice.  The  'change-over'  from  summer  to  winter  (or  vice  v«usa)  patterns  occurs  near  equinox,  but  the  actual  timing 
is  uncertain;  it  seems  to  depend  upon  geomagnetic  activity,  for  this  reason  the  SUNDIAL  objectives  might  be  better 
achieved,  in  the  first  instance,  with  solstice  campaigns. 

Author’s  Reply 

Our  campaign  schedule  should  nicely  evaluate  your  concerns.  Since  the  October  equinox  campaign  of  193-t.  w>*  luac 
already  conducted  campaigns  in  September/ October  1986.  June  1987  and  March  19SS;  and  we  are  coming  up  with  a 
campaign  in  December  1988.  will  follow-on  every  nine  months  through  March  1991.  See  the  February  1988  issue  <>f 
Annales  (Jeophysicae  for  a  more  complete  description  of  measurement  rationale  and  measurement  scheduling. 

T.Damboldt 

1  would  like  to  comment  that  low  percentage  deviations  between  measured  and  piedicled  values  of  f0F>  (c.g..  in  the 
European  area)  do  not  necessarily  prove  a  good  agreement.  A  virtually  good  agreement  is  -  at  least  to  some  degree 
-  favored  by  an  already  low  numerical  value  of  f0F?  (in  this  case  3  MHz).  A  high  percentage  difference  between 
predicted  and  observed  values  is  certainly  much  more  likely  if  the  actual  frequencies  are  high.  Perhaps  the  (percentage) 
difference  together  with  the  standard  deviation  gives  a  more  realistic  picture  of  the  agreement  between  measurements 
and  predictions. 

Author’s  Reply 

That  is  a  very  good  observation  and  I  thank  you  for  your  comment.  As  we  develop  our  global-scale  comparisons  and  work 
toward  an  adaptive  empirical  model,  we  seek  to  quantify  as  accurately  as  possible  the  degree  of  agreement /disagreement 
between  the  mode)  specifications  and  the  observations,  (n  SUNDIAL  science  team  meetings,  we  discussed  this  at  some 
length  and  advanced  the  method  used  in  this  presentation.  The  idea  in  our  current  format  is  to  superimpose  percent 
differences  (positive  and  negative)  directly  over  global  contours  of  model  values  for  f0F2-  1°  this  way  we  also  can 
extract  the  absolute  values  of  differences.  This  is  perhaps  the  best  approach  if  one  is  interested  in  the  physics  of 
ionospheric  density  distributions.  On  the  other  hand,  your  suggestion  is  likely  to  be  a  better  choice  for  propagation 
channel  analysis. 
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ABSTRACT 

Because  in  September^  )ctobcr  1 0X6  the  ap  magnetic  activ  it\  nearly  changed  with  24-hour  steps,  this  period  presents 
rather  simple  F2  layer  day-to-day  changes  in  the  inicrtropical  zone.  Along  the  ten  days  selected  for  the  equinox  Suiulial 
study,  the  CNF! T  stations:  Dakar  ( 1 7.7°N.  1 7.2°\V.  northern  subtropic.  Ouagadougou  ( 1 2.4°N.  1 .6"W.  magnetic  equator). 
Tahiti  ( 1 7.4aS.  1 40. 2T.,  southern  tropic)  provide  a  sufficient  latitude  diversity  to  characterize  the  magnetic  season 
asymmetry  of  generally  dominant  ami-solar  tropical  peak  densities.  On  the  basis  of  previous  ground-based  and  satellite 
meridian-aligned  surveys  we  investigate  the  F2  layer  peak  true  height  and  foF2  evolution  at  these  three  sites.  1  ow  and 
stationary  activity  regimes  bring  about  the  strongest  crest  values  on  the  anti-solar  side,  here  estimated  from  the  Dakar 
variations  of  September  27.  September  28  and  October  4  1 08b.  The  evolution  on  our  (moderately)  disturbed  day  when  the 
average  kp  values  jumped  from  1  +  the  day  before  to  4+  show  everywhere  the  same  single  weaker  maximum  around  1 5  I  I 
Our  1 066  complete  data  along  the  Tamanrassct  median  help  us  investigate  the  main  processes  of  these  two  different  types  of 
evolution:  the  inicrtropical  fountain  and  neutral  drag  mechanisms  are  investigated:  the  respective  effects  of  the  E  x  B 
dynamo,  neutral  wind  front  sub-solar  atmospheric  heating  and  from  sub-auroral  disturbance  dynamo  are  deduced. 
Couplings  between  these  processes  and  die  conjugate  photo-electron  forced  diffusion  are  discussed. 


RF.Sl  ME 

l  ex  eantpagnes  Sundial  ont  relance  I  ctudc  globale  dc  Fuller action  entre  les  xystemes  (i)  de  la  dynamo 
tnagnetospherique.  couplce  par  le  courant  annulate  et  les  courants  sub-orauraux  aux  deux  vortex  (ii)  ties  dynamos  semi- 
globales  de  niaree  atmospherique  qui  sc  recouplem  a  l  equateur  dans  (in)  la  dynamo  de  de  I’electrojet  equatorial:  son  champ 
tie  polarisation  ouest-est  alimente  le  moleur  a  plasma  Kxfl  B  couple  a  la  diffusion  ambipolaire  dans  la  “fontaine 
d  Appleton '.  f**n  periotic  tie  caime  magnetique  tv  systetnc  retlisinbue  le  plasma  equatorial  jusqu  aux  deux  eretes  tropieales 
surdenses  de  la  couche  F2. 

\  r occasion  des  eantpagnes  de  Septembre-C  )etobie  I '>86.  on  re! route  le  contpoi iement  ei  Jcxxux  (tttalgre  la  faible 
densite  du  rescan  d'ionosondcx  an  sol)  e!  les  variations  d  un  jour  a  I'autte.  <  eei  cst  laeilite  par  les  variations  de  Fact  i  vile 
magnetique  ert  periotfes  Iiontogcncs  de  24  heures  I  I 

( )n  evalue  Fcltet  an  “tropique  reel"  tie  la  fontaine  equatoriale  grace  aux  variations  typiquement  subtropicales  de  la 
station  de  Dakar 

On  rcconxtitue  la  if  issy  metric  de  periode  caime  due  a  lentraincmcnt  par  le  i  r»t  neutre  grace  au  modelex  empiriques. 
On  amorce  line  etude  plus  fine  tics  cou plages  internes  et  mumel  ettlte  les  processus  classiques  (ii)  et  (iii).  Celle  du  eou plage 
ties  divers  effets  tie  vent  neutre  avec  la  dynamo  equatoriale  el  a\ec  la  diffusion  foreee  due  aux  flux  tie  photo-electrons  cst 
pioposce.  a  Foccasion  de  Fannee  international  tie  Felectrojet  equatorial  (I  F  F  V)  1990—1991. 


INTRODUCTION 

I  he  loss  twenty  years  ago  of  the  Tamanrassct  tropical  ionosondc  site  should  have  made  the  present  study  impossible: 
however  the  magnetic  equator  has  since  migrated  at  a  rapid  rate  on  the  Atlantic  coastal  sector,  so  that  the  CNF.T  stations 
Ouagadougou  and  Dakar  have  become  respectively  good  equatorial  and  subtropical  sites.  We  shall  make  use  of  the  Tahiti 
data  to  define  the  Universal  time  change  in  the  Southern  tropic,  and  select  typical  diurnal  periods  with  the  reference  of 
previous  studies.  The  main  equatorial  process,  of  the  fountain  diffusion,  is  generally  modified  by  a  semi-stationary  neutral 
wind  C.»w  from  the  subsolar  hemisphere  side  during  the  diurnal  build-up  of  the  inicrtropical  ionization  crest  system.  The 
day-to-day  changes  in  the  equatorial  electric  field  are  sampled  by  the  diurnal  variations  of  the  two  African  stations,  anil  the 
continuity  of  the  w  ind  effect  by  the  comparison  with  the  Tahiti  data.  For  the  afternoon  hours,  wc  evaluate  the  counter-effect 
due  to  forced  thermal  diffusion  by  the  unstable  situation  of  asymmetric  conjugate  photo-electron  fluxes  on  the  topside  of  the 
wintersidc  crest.  This  situation  contriubutes  to  an  apparent  “symmetry"  in  the  statistical  results. 
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The  “true"  tropical  crest 

Figure  1  shows  results  of  a  complete  survey  in  June— July  1 966  along  the  Tamanrasset-Kinshasa  meridian,  with  one 
airborne  and  eight  ground-based  ionosondes,  which  defined  the  tropical  crest  with  less  than  one  degree  of  latitude  and  1 5 
minute  time  accuracy.  Basically  the  September  solstice  situation  differs  from  a  mirror  image  of  the  June  one  only  by  different 
tidal  and  neutral  wind  effects.  In  the  growing  phase  from  07.  to  16.  L.T.  period,  the  crest  pattern  develops  more  rapidly  on 
the  North  side  in  September,  and  less  rapidly  in  June.  Figure  2  shows  how  to  extrapolate  the  “maximal’'  density  at  the 
effective  tropical  crest,  and  its  approximate  time  from  the  Dakar  curves.  This  will  help  us  characterizing  the  day-to-day 
changes  of  the  fountain  process. 
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The  fountain  changes 

Our  typical  days  are  the  rather  quiet  2S  September  -  22.  IKt  —  -  li»)  and  4  ( ktober  (an.  =  12.  D„  *  — 10).  The 
most  magnetically  active  days  arc  23  and  24  September  <  >n  the  23.  ami  Dst  =  -50  nT  For  these  two  types  of  days 

the  values  of  the  upward  drift  v  .  =  F.  x  B  B  arc  almost  similar,  the  ratio  t»|  \  deduced  from  the  H  magnetic  component  at 
M’hour  (dip  latitude  9*  N)  is  only  7  'X:  such  a  ratio  cannot  cause  the  large  day-to-day  changes  observed. 

On  Table  1  our  estimated  maximum  tropical  crest  reaches  foF2  —  20  Ml  1/  at  14. LT  near  1 5°  dip  latitude  on  the  two 
quiet  days,  as  against  the  single  maximum  observed  on  23  September  just  over  Dakar  at  1  X.LT.  At  Ouagadougou  the 
corresponding  equatorial  values  are  little  influenced  In  a,,  activity,  w  ith  t  J  2  =  I  n  MHz  around  1 4.LT  for  the  quiet  days  and 
just  slightly  more  at  1  .l.LTon  23  September:  on  this  disturbed  day  another  process  must  he  contracting  the  double-crest 
structure  within  the  subtropical  zone. 

TABLE  1 
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These  NmF2  variations  from  one  day  to  another  are  abnormally  large  for  the  small  range  of  magnetic  activity  levels.  At 
the  effective  tropical  crest  they  would  be  even  larger  than  given  by  our  too- linear  extrapolation.  This  can  be  explained 
considering  the  appropriate  phasing  of  the  magnetic  activity  changes;  these  mostly  arose  during  the  end  of  UT  night  intervals. 
The  African  sector  was  therefore  favoured  for  the  morning  buildup  of  the  fountain  mechanism. 

The  mean  NMF2  value  is  1 7.6  MHz  with  a  standard  deviation  of  3.2  MHz  while  the  Southern  crest  maximum  values 
averaged  on  1 0.8  MHz  with  1 .2  MHz  standard  deviation.  These  values  illustrate  the  intertropical  asymmetry  of  the  African 
September  solstice.  Table  1  gives  the  complete  numerical  data. 

The  double-hump  shape  of  the  diurnal  variation  at  Ouagadougou  is  mainly  due  to  the  wide  extension  of  the  magnetic 
tubes  of  force  fillcd-up  by  the  equatorial  Hall  drift:  we  extrapolate  the  effective  equatorial  trough  under  the  minimum  ui 
Ouagadougou  when  the  bite-out  appears  too  progressive  and  narrow. 

Neutral  wind  effects 

i  he  electron  density  asymmetry  is  more  readily  estimated  with  the  incomplete  African  network  than  real  tropical  crest 
maximum  amplitude.  The  asymmetry  reaches  its  maximum  on  the  quiet  and  moderately  disturbed  days  24—28  September 
and  2—4  October,  with  average  Nonhem  crest  peak  values  of  1 9  MHz  in  North  West  Africa,  and  only  4  MHz  on  the 
Southern  crest  at  Tahiti,  a  density  ratio  of  four  to  one  in  favour  of  the  non-subsolar  crest;  this  reveals  an  intense  flow  during 
the  whole  midday  period,  from  south  to  north  across  the  magnetic  equator. 

The  asymmetry  falls  off  on  the  23  September,  our  disturbance  day;  also  the  equatorial  density  is  high.  In  this  ease  the 
cause  of  the  modified  more  symmetric  distribution  must  be  a  convergence  of  the  neutral  w  ind  from  both  hemispheres  near 
the  magnetic  equator.  hmF2  peak  altitudes  are  sef  n  to  rise  much  earlier  in  the  day  and  reach  somewhat  higher;  a  strong 
North-South  neutral  wind  flow  must  be  counteracting  the  northward  one  from  the  Southern  hemisphere.  The  disturbance 
can  be  attributed  to  sub-aurora!  heating  in  the  northern  hemisphere;  considering  the  time  elapsed  between  the  <tm  anu  Ai 
indices  of  the  auroral  disturbance,  the  average  meridian  wind  flow  velocity  over  the  5000  km  from  its  source  to  the  equator 
in  about  HI  hours  amounts  rn  500  km  h"\or  140  m  s_l.  This  value  is  consistent  with  convergence  at  the  magnetic  equator 
which  requires  gradual  mid-latitude  damping,  to  end  at  the  subtropic  with  about  70  m  s'1;  the  mid-latitude  storm-heating 
transport  had  been  suggested  from  our  equatorial  results  in  )  97 1  (Vila  J 1  j).  and  theoretically  established  from  incoherent 
scatter  measurements  by  Richmond  in  1 979  |2}. 


Coupling  with  conjugate  photo-electron  thermal  diffusion 

We  have  explained  { 1 1  on  our  1 966  data  a  paradoxal  coupling  of  the  neutral  w  ind  with  fountain  development  of  typical 
“steady”  types  of  diurnal  variation.  On  the  1 5  July  1 966,  illustrated  by  the  upper  right  panel  of  our  Figure  1  near  1 5  30  LT. 
the  summerside  northern  crest  near  1 8°  latitude  (beware  the  mis-directed  latitude  arrow  at  the  bottom  right  angle  of  the 
panels)  suddenly  develops  in  density  and  latitude.  The  corresponding  height  pattern  showed  a  descent  of  the  crest  peak;  this 
contradicts  the  usual  neutral  wind  drag  effect  which  goes  on  enhancing  (and  contracting  in  latitude)  the  opposite  tropical 
crest;  we  showed  that  this  last  displacement  had  sent  the  opposite  crest  away  from  the  paths  of  photo-electrons  hitting  the 
topside  border  of  the  northern  conjugate  crest;  this  deposits  a  strong  heat  gradient  on  the  topside  border,  pushing  the  crest 
peak  to  North  down  the  magnetic  lines  of  force.  The  same  variations  take  place  on  4  October  1 986  between  1  7  and  1 8  UT 
( 1 6  and  1 7  LT).  as  we  see  on  our  Figure  3.  The  three-peak  f„F2  variation  at  Dakar  had  been  a  riddle  for  the  observers  since 
the  ionosonde  setup  in  the  late  forties. 


Thermosphere  Coupling  Studies 

These  confirmations  of  the  dynamics  get  us  back  to  the  problems  facing  modelisls  and  previsionists  now  .  The 
electrodynamics  of  the  intertropical  thermosphere  are  still  empirical,  as  we  have  not  yet  been  able  to  model  the  effective 
variations  of  the  electrojet  itself  from  one  day  to  another.  The  relative  couplings  of  the  tidal  modes  with  the  interhemispheric 
neutral  wind  at  solstices  needs  elucidating  by  independent  measurements  of  the  wind  velocity  on  both  sub-tropical  sides.  We 
also  need  more  detailed  evaluations  of  the  electric  field  and  current  effects  on  the  inner  and  outer  border  of  the  equatorial 
electrojet  wings  to  understand  the  couplings  of  this  current  with  the  midlatitude  dynamo  vortices.  The  l.  T  C  S  group  and  the 
IFFY  campaigns  expected  by  IAGA  for  1989  are  a  great  issue,  since  modelling  the  ionization  for  prediction  purposes 
would  be  the  first  positive  use  of  bur  science  to  the  people  living  in  the  tropical  Sahel. 


CONCLUSION 

The  dynamic  processes  of  the  intertropical  F2  layer  demonstrated  from  results  of  1 965  and  1 966  complete  surveys  J2|. 
are  confirmed  by  our  September  1 986  Sundial  series,  highly  typical  of  moderate  Sunspot  activity  conditions. 

1  —  The  very  weak  E  X  B  equatorial  fountain  changes  are  found  unable  to  explain  the  intense  day-to-day  modulation  in 
the  ionic  density  o:  the  antisolar  northern  crest. 

2  —  The  North-South  asymmetry  of  the  tropical  crests  deduced  from  the  Dakar  and  Tahiti  variations  on  quiet  days 
reveal  the  major  influence  of  the  trans-equatorial  neutral  wind  ion  drag. 
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3  —  On  weakly  disturbed  day  23  September  1986  the  reduced  density  and  latitude  excursion  of  the  northern  crest 
illustrate  the  effect  on  that  day  in  the  African  sector  of  neutral  wind  flows  comvn>in #  at  the  magnetic  equator:  the  North  south 
flow  opposed  to  the  uniform  transequatorial  wind  is  due  to  auroral  magnetic  subsiorm  activity  (Gourvcz  1 1 1  and  Richmond 

|3|). 


4  —  Another  typical  process  of  forced-diffusion  cun  affect  the  afternoon  antisolar  crest  during  quiet  days:  this  crest 
rapidly  enhances  in  ion  density,  subsides  in  height  and  travels  further  away  from  the  dip  equator  w  ithout  changing  magnetic 
tube  ot  force;  the  neutral  wind  asymmetry',  leaving  the  subsolar  crest  inside  the  subtropical  /.one  enables  intense  photo- 
electron  fliixes  to  reach  the  conjugate  antisolar  crest  on  its  topside  border:  there  they  develop  a  negative  electron  temperature 
gradient  which  forces  the  whole  crest  further,  until  the  electron  density  gradient  is  sufficiently  lowered  by  the  ditlusivc 
transport.  In  low  and  moderate  Sunspot  activity  periods,  such  events  Iasi  generally  (ess  than  one  hour.  They  produce  at 
subtropical  latitude  a  sharp  third  peak  in  the  For?,  variation. 

5  —  Future  improved  simulations  muld  use  data  planned  for  the  /WW— /W/  /  /.  /  V Campaign:  this  will  bring  finer 
scale  simultaneous  measurements  of  the  parameters  modulating  neutral  wind  electrodynamie  changes  near  the  magnetic 
equator. 
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DISCISSION 


K.Bibl 

I  see  no  justification  to  extend  the  noontime  f„F:  for  Dakar  to  20  Mil/.  All  the  data  shown  from  the  1966  campaign 
have  a  rather  flat  maximum  during  daytime  on  all  stations,  at  the  magnetic  equator  .is  well  as  at  the  ioni/ation  crest 

Author  s  Reply 

There  are  days  when  the  change  in  the  electrojet  field  and  in  the  fountain  regimes  would  not  allow  this  l  am  rds  ing  on 
the  fact  that  this  period  was  rather  a  period  of  steps  in  the  magnetic  activity .  I  think  these  high  values  are  comparable  to 
what  we  derived  in  1966. 
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SUMMARY 

An  experiment  which  utilises  two  VHF  coherent  radars  located  in  northern  Scotland 
together  with  an  oblique  chirp  sounder,  operating  over  a  path  from  Norway  to  northern 
Scotland  is  described.  The  expected  sounder  path  falls  within  the  radars  f ield-of -view . 
The  paper  describes  some  initial  results  from  the  first  in  a  series  of  experiments.  A 
statistical  correlation  is  found  between  the  occurrence  of  radar  backscatter  and  the 
occurrence  of  sporadic-E.  On  some  occasions  a  positive  correlation  also  exists  between 
the  backscatter  signal  to  i.  Use  ratio  and  the  highest  frequency  measured  from  the 
snoradic-E  trace  on  the  ionogram.  On  other  occasions  the  correlation  is  poor.  An  initial 
interpretation  of  these  data  is  presented  which  suggests  that  propagation  of  the  HF 
sporadic-E  signals  via  a  s  „»i(p * lam?  ionosphere  is  inadequate  to  explain  the  obseivi- 
tions. 

1  INTRODUCTION 

Obliquely  propagating  hion  frequency  (HF)  radio  sicnals  arc*  subject  to  a  variety  of 
propagation  effects,  which  include  attenuation,  reflection,  refraction,  diffraction,’ 
scatter,  polarization  chanqes,  multi-path  propagation  and  ducting1.  At  hiqh  latitudes 
some,  if  hot  all,  of  these  effects  are  accentuated  by  the  dynamic  nutuie  of  the  couoiod 
ionosphere-magnetosphere  system. 

The  electron  density  in  the  E-region  of  the  ionosph *re  is  controlled  by  (a)  the  pre¬ 
sence  of  a  time  varying  convection  electric  field  of  magnetospher ic  origin  and  (b)  the 
presence  of  intense  particle  precipitation  in  regions  surroundino  the  geomagnetic  poles, 
the  auroral  ovals  .  Predicting  the  behaviour  of  the  high  latitude  ionosphere  on  a 
short  time  scale  (1  day  or  so)  remains  an  important  problem  for  communications  and  over 
the  horizon  radar  applications.  Existing  empirical  models  of  the  high  latitude  iono¬ 
sphere^  arc  of  limited  benefit  for  prediction  purposes  because  of  the  highly  dynamic 
nature  of  the  coupled  ionospher ic-magnotospher ic  system.  Consequently,  more  emphasis  is 
now  beina  placed  on  developing  models  which  are  based  on  »  physical  understanding  of 
solar  terrestrial  relationships^.  Before?  such  models  can  be  employed  directly,  however, 
several  outstanding  questions  concerning  HF  propagation  at  high  latitudes  need  to  be 
answered . 

In  the  high  latitude  ionosphere  the  incidence  of  F, -region  irregularities  is  high  and 
one  outstanding  problem  is  the  effect  of  E-region  ionospheric  irregularities  on,  and 
their  relationships  to,  obliquely  propaqating  HF  signals.  Elkins^  describes  a  predictive 
model  for  high  frequency  radar  auroral  clutter  based  upon  the  occurrence  statistics  and 
morphology  of  sporadic-E6 , 7 .  Implicit  in  this  technique  is  the  assumption  that  the  same 
ionospheric  irregularities  that  give  rise  to  vertical  incidence  high  latitude  sporadic-E 
also  give  rise  to  oblique  incidence  HF  auroral  clutter.  Elkins  reqards  this  as  a  reason¬ 
able  starting  point  in  view  of  the  similar  sounding  frequency  ranqes  involved  in 
observing  both  phenomena.  Elkins  considers  that  a  direct  relationship  between  HF 
sporadic-E  and  VHF  backscatter  is  mere  questionable  given  that  different  plasma  instabi¬ 
lities  might  be  dominant  at  the  two  different  wave  numbers.  However,  a  VHF  radar  system 
has  the  advantage  that  it  is  able  to  unambiguously  determine  the  Location  of  the  E-region 
irregularities  since  it  is  unaffected  by  refraction.  Furthermore  theoretical  investiga¬ 
tions  suggest  that  small  scale  irregularities  are  produced  by  the  cascading  of  large 
scale  irregularities  to  smaller  wavelengths. 

To  further  investigate  this  relationship  between  HF  sporadic-E  and  VHF  backscatter 
a  series  of  co-ordinated  HF  and  VHF  experiments  are  being  undertaken.  The  same  region  of 
the  ionosphere  is  observed  by  two  VHF  coherent  auroral  radars,  which  measure  the  back¬ 
scatter  from  E-region  irregularities  of  1  m  scale  size,  and  an  oblique  HF  sounder  which 
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determines  the  HF  propagation  parameters.  The  sounder  path  includes  the  auroral  and  sub- 
auroral  ionosphere  and  the  one  and  two  hop  reflection  points  lie  in,  or  close  to,  the 
f ield-of -view  of  the  radars.  This  paper  presents  the  initial  results  of  the  first  in 
this  series  of  experiments. 

2  INSTRUMENTATION 

2.1  The  radars 

During  the  experiment,  two  auroral  radars  were  operated  from  Wick,  Scotland.  The 
Wick  station  of  the  Sweden  and  Britain  Radar  Experiment  (SABRE)  consists  of  eight 
receiver  beams  each  with  angular  width  of  approximately  3.5  degrees,  giving  a  total  beam 
width  of  approximately  28  degrees  (Fig  1).  Coherent  backscatter  is  measured  in  the 
range  interval  495  km  to  1230  km  along  each  beam,  with  a  temporal  resolution  of  20  seconds 
in  Mode  1  and  1  minute  in  Mode  3.  Apart  from  the  temporal  resolution,  the  major  differ¬ 
ence  v'-*'ween  the  two  modes  is  that  Mode  3  measures  a  more  detailed  radar  spectrum®, 
although  this  information  is  not  employed  in  this  paper. 

The  other  radar  which  operated  during  the  campaign  was  the  SABRE  Altitude  Deter¬ 
mining  Interferometer  Experiment  (SADIE)^.  This  radar  is  an  ..’.ension  of  SABRE  and 
employs  two  parallel,  horizontal,  colinear  antennas  separated  by  200  m.  These  antennas 
have  an  azimuthal  beam  width  of  3.6  degrees  and  are  orientated  so  as  to  provide  a  beam 
26.8  degrees  east  of  north  thus  overlaying  beam  five  of  SABRE  (Fig  1) .  By  measuring  the 
phase  difference  of  the  backscattered  radar  echoes  received  at  the  two  antennas,  the 
angle  of  elevation  of  the  signals  may  be  determined  at  each  range.  From  this  information 
the  mean  height  at  which  the  radar  signals  are  scattered,  within  each  range  cell,  may  be 
calculated.  The  accuracy  obtained  with  this  system  varies  with  range  but  is  approxi¬ 
mately  ±1  km  at  ranges  less  than  1000  km  which  includes  the  observations  reported  in  this 
paper.  SADIE  also  operates  in  the  two  modes  described  for  SABRE  and  both  radar  systems 
employ  100  y.s  pulse  widths  providing  a  range  resolution  of  15  km. 

Both  radars  are  sensitive  to  1  m  scale  auroral  irregularities,  which  are  generated 
by  two  different  mechanisms,  the  gradient  drift  instability10  and  the  two  stream 
instability11.  Each  process  dominates  in  a  different  regime  of  the  relative  electron-ion 
velocity,  with  the  two  stream  instability  dominating  when  this  velocity  is  larger  than 
the  local  ion-acoustic  velocity1^.  In  both  cases,  linear  theory  predicts  that  the 
unstable  irregularities  will  propaqate  with  a  velocity  equal  to  that  of  the  electrons. 

The  Wick  radars  measure  the  line  of  sight  velocity  in  each  beam  as  a  function  of  range 
and  time. 

The  received  backscatter  power  is  also  dependent  upon  the  strength  of  the  ionospheric 
current1 3,  although  there  is  a  threshold  current  which  must  be  exceeded  before  the 
instabilities  can  be  generated.  The  backscatter  power,  together  with  the  height  of  the 
irregularities  are  the  two  main  radar  parameters  in  this  study. 

2 . 2  The  oblique  sounder 

An  oblique,  frequency  modulated,  continuous  wave  (FMCW)  ionospheric  sounder  was 
operated  for  about  12  hours  every  day  during  the  experiment.  The  100  watt  sounder  trans¬ 
mitter  was  located  at  Bod0  in  northern  Norway  (67.27N,  14.39E,  geographic).  The  trans¬ 
mitter  antenna  a  horizontal  log-periodic  covering  the  band  4  to  32  MHz  with  an 

azimuthal  beam  width  or  approximately  t40  degrees  centred  within  4  degrees  of  the  great 
circle  bearing  to  Wick.  The  antenna  provided  about  8  dBi  of  gain  over  the  band  at  eleva¬ 
tion  angles  between  35  and  40  degrees.  At  lower  elevation  angles  pertinent  to  two  and 
one  hop  E-layer  reflections  (approximately  17  and  5  degrees  respectively)  the  gain 
reduced  to  approxima tely  5  dBi  and  -5  dBi  respectively.  These  correspond  to  a  10:1  power 
advantage  for  the  two  hop  path  relative  to  the  one  hop  path. 

The  sounder  receiver  was  installed  alongside  the  coherent  radars  with  an  antenna 
which  consisted  of  a  wideband,  horizontally  polarised  sloping  vee  antenna  beamed  towards 
Bod^.  This  antenna  was  frequency  dependent  and  again  the  antenna  favoured  two  hop  modes. 
The  sounder's  characteristics  are  summarised  in  Table  t.  The  sounder  only  measures 
relative  group  delay  as  no  absolute  timing  is  maintained  by  either  the  transmitter  or 
receiver.  The  receiver  was  interfaced  to  a  Hewlett  Packard  Series  200  computer  for 
experiment  control  and  ionogram  storage.  The  conventional  oblique  ionograms  (Figs  2  and  5) 
are  supplemented  by  various  additional  information.  The  top  panel  displays  signal 
quality,  a  parameter  which  is  relevant  to  the  communications  engineer,  the  second  panel 
the  automatic  gain  control  voltage  and  the  third  panel  the  signal  strength  in  dB ,  with  a 
maximum  value  of  60  dB.  The  pane)  to  the  left  of  the  ionogram  gives  system  control  and 
data  logg ing  details. 
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Table  1 

Sounder  parameters 


Parameter 

Value 

Sweep  range 

2-30  MHz 

Sweep  rate 

100  kHz  s'1 

Sweep  time 

280  s 

Baseband  bandwidth 

500  Hz 

Number  of  baseband  spectral  estimates 

200 

Maximum  relative  group  delay  measured 

5  ms 

Maximum  virtual  distance  measured 

1500  km 

Relative  group  delay  resolution 

25  us 

Virtual  range  resolution 

7.5  km 

3  RESULTS 

The  experiment  was  conducted  from  1  December  to  11  December  1987  (days  335  to  346 
inclusive).  Periods  when  the  sounder  or  radars  were  non-operat ional  are  illustrated  in 
Pig  4  as  hashed  areas. 

Fig  4  also  illustrates  those  intervals  when  the  sounder  detected  sporadic-E  modes 
and  when  the  radars  detected  auroral  backscatter.  On  some  occasions  the  received  HP 
sporadic-E  signals  were  low  in  amplitude  and  exhibited  a  ton  frequency  as  low  as  5  MHz, 
but  on  other  occasions  the  signal  strength  was  some  60  dB  hiaher,  with  a  top  frequency 
greater  than  30  MHz.  In  the  following  text  we  shall  refer  to  these  modes  as  being  due  v 

a  sporadic-E  layer.  This  generic  title  includes,  however,  a  multitude  of  different 

siqnal  types  ranging  from  those  with  small  dispersion  (Fig  2)  to  those  with  larnc  disper¬ 
sion  (Fig  3)  and  probably  includes  scattered  and  refracted  modes.  Those  two  ionocrars 

are  separated  by  only  15  minutes  and  clearly  indicate  the  temporal  variability  of  the 
Layer.  Fig  4  displays  those  periods  when  backscatter  occurred  anywhere  m  SA3RE  bear. 
and  SADIE  beam  1.  These  two  beams  overlap  but  1  _o  to  the  west,  of  the  great 
circle  path  between  Bode*  and  wick.  Data  from  SABRE  bean  7,  which  includes  the  path  mid¬ 
point  have  also  been  examined  for  certain  period^  but  are  not  presented  here  because  they 
do  not  relate  to  coincident  SADIE  height  data.  Limited  comparisons  of  the  returns  from 
SABRE  beams  5  and  7  show  that  althouqh  there  are  some  detailed  differences  between  the 
returns  in  each  beam  there  are  few  cross  variations  which  would  significantly  affect 
Fig  4. 


The  radar  and  oblique  incidence  signals  are  correlated  in  a  statistical  sense  but  on 
some  occasions  radar  returns  exist  without  sporadic-E  and  vice-versa.  In  order  tc  help 
understand  why  this  is  so  and  to  investigate  this  further  a  small  period  of  the  data, 

14  l;T  (day  344)  to  03  UT  (day  345)  was  selected  for  detailed  analysis.  Day  344  was  the 
most  geomagnetical ly  active  day  of  the  campaign. 

fi  rs  3  and  (>  are  SABRE  and  SADIE  ranqe-t ime-intensity  (RTl)  pLots  cover i no  those 
porjous;  the  close  correspondence  between  the  two  diagrams  indicates  that  both  systems 
art-  looking  at  the  same  region  of  the  ionosphere.  Significant  returns  exist  in  the 
periods  14-2  1  UT,  in  the  afternoon  convection  cell  and  aqain  between  0030  and  0230, 
v  in  the  morning  convection  cell. 

Fig  7  illustratrr  the  variation  of  the  top  frequency  of  the  sporadic-.'  trace  ( FtEs ) 
with  time,  together  with  the  variation  in  SADIE  signal  to  noise  ratio  (SNR),  at.  a  range 
of  930  km  from  Wick.  For  propagation  on  a  great  circle  path  930  km  is  close  to  one  of 
the  two  hop  (plane  ionosphere)  reflection  points.  It  is  also  close  to  a  one  hop  reflec¬ 
tion  point  if  either  a  larqe  scale  north-south  ionospheric  tilt  of  3.5  degrees,  or  a 
smaller  scale  equivalent  electron  density  latitudinal  gradient,  is  postulated.  The 
correlation  of  FtEs  with  the  SNR  is  clear  within  the  period  1 3  UT  to  19  UT ,  w.th  both  the 
SADIE  SNR  and  FtEs  rising  three  times  in  synchronisation. 

Whilst  the  temporal  variations  of  FtEs  and  SNR  are  similar,  the  amplitudes  are  not 
as  closely  related.  This  is  particularly  evident  in  the  period  17  UT  to  19  UT  (Fig  8, 
middle  and  bottom  panels).  After  1830  FtEs  increases  to  nearly  30  MHz,  compared  to 
12  MHz  at  1715,  whereas,  the  SADIE  SNR  after  1830  peaks  at  the  same  value  (35  dB)  as  at 
1715  UT .  Furthermore  after  1830  there  is  a  significant  deviation  in  the  height  of  the 
backscatter  determined  by  SADIE  (Fig  8,  top  panel)  from  the  normally  accepted  scattering 
altitude  of  around  710  km14. 

After  19  UT  the  sporadic-E  continues  (Fig  7)  out  the  SADIE  backscatter  amplitude 
decreases.  This  reduction  is  associated  with  a  small  bite  out  in  the  irregularity 
intensity  (Figs  5  and  6,  at  930  km)  around  1945  UT .  Subsequently,  the  SADIE  SNR 
increases  aqain  after  2015  UT  (Fig  7). 
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The  SADIE  SNR  eventually  falls  }ff  at-  2050  and  does  not  return  again  until  0  115,  but 
throughout  this  time  the  sporadic-E  continues  at  a  very  strong  level.  After  02  UT  no 
SADIE  returns  are  seen  but  the  sporat ic-E  continues  albejt  with  decreasing  strength  and 
decreasing  FtEs. 

The  mid-point  of  the  sounder  path  lies  at  a  range  of  650  km  from  Wick  and  SADIE  SNR 
data  at  this  range  has  also  been  examined  over  the  interval  14  LIT  (day  344)  to  03  UT 
(day  345) .  Although  not  illustrated  here  the  correlation  of  SADIE  SNR  at  650  km  ranne  is 
less  well  correlated  with  FtEs  than  the  observations  at  930  km. 

4  DISCUSSION 

An  attempt  has  been  made  to  investigate  a  correlation  between  VHF  backscatter 
returns  and  HF  sporadic-E  propagation.  Coherent  backscatter  is  measured  by  the  radars 
only  when  the  convection  electric  field  exceeds  a  certain  threshold  and  when  the  resultin' 
electrojet  current  system  falls  within  the  radar  range  gates.  The  strongest  backscatter 
is  statistically  associated  with  the  main  electro jets  1 5  and  only  weak  backscatter  Is  found 
near  the  convection  reversals^.  Because  of  the  location  of  the  Wick  radars  the  electro- 
jets  lie  to  the  north  of  the  radar  viewing  area  during  most  mornings  and  no  returns  are- 
observed.  Both  a  convection  electric  field  and  adequate  ionospheric  conductivity  are 
required  to  sustain  the  currents  and  the  latter  may  be  enhanced  by  particle  precipita¬ 
tion.  High  latitude  sporadic-E  layers  are  caused  by  a  variety  of  phenomena  including 
particle  precipitation  and  wind  shears  etc.  One  common  factor  between  VHF  radar  backscatter 
and  sporadic-E  is  particle  precipitation.  From  a  statistical  viewpoint,  therefore,  a 
correlation  between  the  two  phenomena  may  be  expected.  However,  at  the  moment  we  cannot 
rule  out  other  processes. 

It  is  important  to  address  the  question  of  why  any  correlation  exists  between  the 
SADIE  SNR  and  FtEs.  Clearly  the  correlation  is  extremely  good  between  15  UT  and  1345  UT. 
Jones  r- *  give  the  backscatter  cross  section,  o  ,  as: 


'  ( .\N/N) 


where  N  is  the  mean  electron  density  and  <  (  \N/N)  *">  is  the  moan 
scale  relative  electron  density  fluctuations  with  wavevector  2k  , 
vector . ^  Takino  <(*N/N)>  to  be  a  slowly  varying  function  of  N  , 
mat  ion  1  '  g  i  ves : 


square  of  the  small 
whete  k  is  the  radar 
a  first  order  approxi- 


it  the  HF  signals  are  assumed  to  be  rejected,  the  top  frequency  of  the  sporadic-E  trace 
is  controlled  by  the  plasma  frequency  Since  N  is  proportional  to  the  square  of  the 
plasma  frequency  it  follows  from  equation  (2)  that: 

'  (FtEs)4  .  13) 


For  a  constant  background  noise  level  a  higher  SNR  might,  therefore,  be  expected  when 
FtEs  increases,  which  is  consistent  wit:;  the  data  between  15  UT  and  1845  UT .  These  ideas 
-wever,  require  further  study. 

Possible  path  geometries  for  the  HF  sporadic-E  modes  are  now  examined.  A  broad 
correlation  in  time,  and  to  a  lesser  extent,  amplitude  exists  between  the  SADIE  SNR  at 
430  km  range  and  FtEs  for  part  of  the  period  under  consideration.  A  weaker  correlation 
exists  with  SADIE  SNR  data  at  630  km  range,  which  is  midway  to  Bodtf  from  Wick,  and  this 
suggests  that  reflection  of  the  HF  signals  is  not  over  a  one  hop  path.  To  achieve  a  two 
hop  path  with  top  frequencies  as  high  as  30  MHz,  requires  a  very  high  electron  density 
both  400  km  and  900  km  north  of  Wick.  A  1E+1F  mode  cannot  be  always  discounted, 
especially  during  the  early  afternoon  when  F-region  modes  are  observed.  It  is,  however, 
unlikely  that  the  IE* IF  mode  is  the  dominant  mode  in  this  interval,  since  the  F  modes 
are  'generally  very  weak  and  at  no  time  does  the  1F2  mode  support  signals  above  10  MHz. 

The  possibility  of  a  2£  mode  cannot  likewise  be  ruled  out  but  this  would  require  a  single 
strong  patch  of  sporadic-E,  sometimes  capable  of  reflecting  signals  up  to  u0  MHz, 
covering  some  500  km  of  latitude,  or  two  such  regions  of  sporadic-E  at  the  reflection 
points.  The  2E  mode  is  also  strongly  attenuated  by  D-region  absorption. 

A  further  possibility,  that  of  a  tilted  ionosphere,  cannot  be  as  earily  dismissed. 

A  likely  position  for  this  reflection  point  is  suggested  by  the  temporal  correlation 
between  FtEs  and  the  SADIE  SNR  to  be  close  to  a  point  930  km  from  Wick.  This  mode  would 
require,  however,  very  low  angle  elevation  coverage  by  the  Wick  HF  sounder  receiver 
antenna.  Assuming  an  altitude  of  110  km  for  the  sporadic-E  region  the  take-off  angle  at 
Wick  would  be  only  2.6  degrees.  At  this  elevation  anale  the  receiver  antenna  is  very 
inef f icient . 
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The  discussion  has  so  far  centred  on  reflection  of  the  HF  signals,  however, 
scattering  of  the  radio  waves  may  also  occur  for  all  cr  some  of  the  time18.  li  this  is 
so  FtEs  will  be  dependent  on  the  receiver  SNR.  One  way  that  the  HF  SNR  could  increase  is 
for  the  altitude,  from  which  the  HF  signals  are  scattered,  to  increase  since  this  will  he 
ac  ompanied  by  an  increase  in  receiver  antenna  efficiency.  Such  a  height  increase  in  the 
radar  backscatter  does  take  place  at  1830  UT  and  it  is  accompanied  by  an  increase  in 
FtEs. 


The  HF  modes,  like  the  VHF  modes,  may  specifically  have  been  scattered  from  field 
aligned  irregularities.  The  field  line  orthogonality  contours  for  a  transmitter  at  Sod# 
and  receiver  at  Wick  are  illustrated  in  Fig  9  for  a  height  of  105  km.  The  paths  which 
most  nearly  satisfy  the  orthogonality  condition  lie  in  a  reaion  about  1000  km  from  wick 
where  the  best  ^rrelation  between  the  SADIE  SNR  and  FtEs  is  observed. 

Between  21  UT  and  01  UT  the  radars  most  likely  observe  the  reversal  in  the  convec¬ 
tion  pattern  and  as  a  consequence  the  low  backscatter  amplitude  is  to  be  expected.  At 
certain  other  times  the  lack  of  correlation  might  be  explained  by  the  movement  of  the 
electro jet  to  latitudes  polewards  of  those  viewed  by  SABRE  and  SADIE.  This  would  be 
particularly  likely  in  the  post  midnight  period.  Furthermore,  the  lack  of  correlation 
may  be  due  to  the  sporadic-E  being  caused  by  a  mechanism  other  than  particle  precipita¬ 
tion  . 

CONCLUSIONS 

This  paper  describes  some  initial  results  from  joint  coherent  radar  and  oblique 
sounder  experiments. 

A  good  correlation  between  the  VHF  backscatter  SNR  and  the  HF  FtEs  is  achieved  i.vcr 
long  periods  but  there  are  other  times  when  the  correlation  dou  rudes .  Various  reasons 
for  this  have  been  suggested.  The  likely  position  for  the  HF  reflection  point  has  ;>_er. 
determined  from  a  comparison  with  the  SADIE  backscatter  data  and  this  is  about  930  km 
from  Wick.  Preliminary  analysis  indicates  that  one  or  two  hop  HF  modes  from  a  simple 
pLane  ionosphere  are  unlikely.  Two  ether  explanations  are  discussed  involvin’-:  a  tilted 
ionosphere  and  scattering  rather  than  reflection. 

This  investigation  has  attempted  to  establish  the  usefulness  of  VHF  radars  as 
remote  sensors  of  sporadic-E  and  hence  to  applythem  to  ionospheric  f  orccant  in  2 .  ?:;<.■ 

results  are  so  far  inconclusive.  In  the  future  a  more  detailed  analysis  (.  ..-  cor  re  la  t  ;  on 
studies  along  the  radar  beams  at  various  ranges)  and  more  sophisticated  experiments 
employing  vertical  incidence  .onosonces  for  diagnostic  purposes)  are  required.  Even 
thcuuh  the  desired  objective  oc  applying  coherent  radars  as  sensors  of  sporadio-E  may  not 
be  achieved  it  is  clear  that  this  series  of  experiments  will  produce  new  and  lnterestm* 
information  or.  the  morphology  of  high  latitude  sporadic-E  and  its  relationship  to  auroral 
i  rreuu  lari  tics. 
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DISCUSSION 


C.Haldoupis 

First  of  all,  I  would  like  to  say  that  you  have  presented  a  very  interesting  set  of  data.  I  would,  however,  like  to  add 
you  should  try  to  apply  the  gradient  drift  instability,  as  a  possible  mechanism,  in  explaining  your  results.  Sporadic  /•.' 
is  associated  with  a  very  large  vertical  electron  density  gradient  which  you  would  expect  to  have  a  sizeable  component 
perpendicular  to  B.  This,  in  conjunction  with  a  small  E-field  component  pointing  in  the  same  diiectiou,  would 
destabilize  the  plasma  and  cause  eventually,  through  seco-  ^ ■» rv  instabilities,  detectable  short  wavelength  waves.  The 
fact  that  you  have  at  times  no  correlation  could  be  becaus  •  w  -nt  drift  conditions  fail.  This  proposition  can  be 
consistent  also  with  the  data  shown  in  Figure  8. 

Author’s  Reply 

To  investigate  this  suggestion,  we  require  information  concerning  the  vertical  electron  -fity  distribution,  which  is 
not  available  with  the  experimental  configuration  described.  In  order  to  find  additional  at  ion.  the  experimental 

geometry  for  future  campaigns  is  to  be  changed  to  provide  data  from  a  vertical  ionosoi.  -oath  the  HF  sounder 
midpath,  and  from  EISCAT.  With  these  additional  data,  it  should  he  possible  to  obtain  a  more  detailed  interpretation 
of  the  connection  between  HF  sporadic- E  and  VHP  radar  backscatter. 
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SUMMARY 


The  purpose  of  this  paper  is  to  present  for  the  Tahiti  region,  .i  low  latitude  station,  a  method 
for  determining  monthly,  weekly  and  daily  forecasts  of  radio  propagation  conditions. 

The  moot  ft  1 >  forecasts  are  necessary  to  establish  radio  links  in  good  conditions  (antennas,  fre¬ 
quencies,  power  and  working  hours  determination).  I  hey  arc  based  on  the  forecast  of  the  solar  activity. 

The  weekly  and  daily  forecasts  take  into  account  the  fine  evolution  of  both  solar  and  mat|netie 
activities  and  also  the  influence  of  ionospheric  storms. 


1  -  INTRODUCTION 

In  spite  of  the  prodigious  development  of  telecommunications  by  satellite,  the  ionospheric  links 
still  play  an  important  part  in  the  radioelect  rical  communications.  They  make  use  of  the  ionospheric 
refraction  and  reflection  properties.  The  ionosphere  is  not  stable,  it  is  subject  to  numerous  variitions. 
mainly  depending  of  the  solar  activity,  which  condi t ionnally  Increase  or  decrease  an  ionospheric  ratlin 
link  signal.  Thus  it  becomes  evident  th.it  it  is  necessary  to  establish  radioelectric  propagation  condi¬ 
tions  forecastings. 

The  monthly  forecasts  are  necessary  to  establish  radio  links  in  good  conditions  (antennas,  fre¬ 
quencies,  power  and  working  hours  determination).  They  are  based  on  the  forecast  of  the  stil.tr  activity. 

But  the  day  to  day  variation  of  the  critical  frequency  of  the  12  layer  (fo!2).  one  of  the  most 
important  characteristic,  presents  large  variation  in  comparison  of  the  median.  Thus  it  is  necessary 
to  establish  weekly  and  daily  forecasts  to  take  into  account  the  fine  evolution  **f  ha  in  solar  and 
magnetic  activities  and  also  the  inf l  icnce  of  ionospheric  storms. 

The  purpose  of  this  paper  is  t<*  pr*.acn».  for  the  TAHITI  region,  a  low  latitude  station,  a  method 
for  determining  monthly,  oeeKly  and  daily  forecasts  of  radio  propagation  conditions. 


II  -  DATA  BAS! 

The  present  study  analyses  the  hourly  values  of  the  critical  frequency  of  the  main  ionospheric 
layers  (fols.  foil.  fo!2)  and  the  M 30001 2  factor  obtained  by  the  ionosonde  of  the  TAHITI  station. 

The  ionospheric  station  of  TAHITI  ( 17°44S,  210o41’l)  is  located  in  the  equatorial  anomaly  region 
(-17''  of  geomagnetic  latitude).  It  is  t tie  only  ionosonde  station  actually  operating  in  the  region 
situated  in  the  tropical  south  Pacific. 

Such  a  station  is  characterized  by  large  day-time  electron  densities  depending  of  the  upwards 
I  xB  drifs.  These  lift  ionization  to  great  heights  above  the  geomagnetic  equator  and  then  diffuse  downward? 
to  both  the  north  and  the  south  increasing  the  peak  electron  densities  and  consequently  the  To)  2. 

We  research  relation  between  these  data  and  both  solar  and  magnetic  index. 

The  daily  solar  index  R  are  those  published  by  Waldmeir  (Lidqenossi she  sternwarte  Zurich 
Switzerland)  till  1980  and  those  of  KUECKLLENUERGH  A.  (sunspot  index  lata  centre  Brussels)  since  IVs  I . 

The  magnetic  activity  is  characterized  by  the  daily  planetary  index  Ap  monthly  published  in  journal 
of  geophysical  research  by  the  world  data  center  A  for  solar- terrestrial  Physics  N0AA,  Boulder,  Colorado 
HO  302 . 


A  sudden  variation  of  this  index  define  the  sudden  storm  commencement  (SSC)  which  can  generate 
sudden  ionospheric  disturbances  (SIB)  or  ionospheric  storms. 

The  solar  and  magnetic  index  arc  defined  in  universal  time  so  that  to  compare  these  data  with 
foF2  we  must  work  in  universal  time  <(JT). 


IU  -  MONTHLY  FORECASTING 

The  region,  centered  on  TAHITI  ionospheric  station,  for  which  the  forecastings  are  established, 
cover  approximative^  a  distance  of  3000  km  in  longitude  and  1000  km  in  latitude  (fig.  1).  We  suppose 
that  in  such  a  region  the  ionosphere  is  unidimensional  :  the  different  ionospheric  caracteri sties 
are  only  depending  of  the  altitude. 

To  characterize  the  ionospheric  model  we  consider  the  following  ionospheric  characteristics  : 

-  the  monthly  median  ordinary  frequency  of  the  F2  layer  (foF2) 

-  the  monthly  median  factor  of  the  F2  layer  (M3000F2) 

-  the  monthly  30  %  ordinary  frequency  of  the  sporadic  E  layer  foLs(30%) 

-  the  r  factor: foF2  (90%) /  foF2 

-  the  s  factor: foF2 (30%)/  foF2 

Polynomial  regression  lines  are  then  fitted  between  each  of  the  above  parameter  in  f one t ion 

of  the  solar  activity  for  each  month  of  the  year  and  for  each  hours  of  the  day  : 

-  parabolic  regression  lines  for  the  foF2  and  M3O00F2  characteristics 

-  linear  regression  lines  for  others  characteristics  (fols30%,  r,  s). 

Thus  for  each  above  parameters  we  have  a  set  of  12  x  24  qraphics.  Some  examples  of  such  a  fittinq 
are  shown  in  fig.  2,  3,  4. 

We  have  now  for  each  parameter  24  values  to  characterize  the  daily  variation  for  different  value 
of  solar  activities.  A  natural  method  to  represent  that  variation  in  fonction  of  the  hour  of  the  day 
is  to  make  a  FOURIER  analysis  of  the  series.  Some  examples  of  such  a  fitting  are  shown  in  fig.  b  and  f>. 

For  calculate  the  different  characteri sties  of  the  links  (Luf,  Muf  and  the  corresponding  elevation 

angle  for  two  probabilities  30  and  90  %),  we  suppose  that  the  wave  trajectory  is  plane  and  contained 
In  the  vertical  plane  of  the  link.  The  links  cover  the  distance  between  0  to  3000  km.  The  paths  taking 
into  account  for  calculate  the  characteristics  of  the  link  are  described  underneath . 


(km) 

0  <  1)  •£  2?  50  km 

2250  <D,<  3000  km 

Orobabi  1  i 

90  % 

IF  1 ,  IF  2.  2F  2  ,  IE 

IF  1 .  11  2.  2r2.  ?f 

30  % 

1F1.  IF  2,  2F2.  IE,  IE  s 

IF  1,  IF  2,  21  2,  2F. 

i 

The  22SO  km  length  is  critical  because  it  is  a  limit  length  far  ,i  normal  I  and  a  sporadic 
E  path. 

For  each  path  we  calculate  the  different  character i st i cs  of  the  link  for  different  standard 
value  of  attenuation  between  a  transmitter  anp  v1  receiving  station.  The  upper  Muf  and  the  lower  Luf 
are  then  retained  to  characterize  the  link.  Some  examples  of  such  forecasting  are  shown  in  fig.  7.  s. 


IV  -  WEEKLY  FORECASTING 

We  have  divided  the  year  into  b?  standard  weeks  which  repartition  is  mentionned  in  fig.  9  with 

their  order  number  in  the  course  of  the  year.  The  February  29 and  December  31^  days  are  not  taken 

into  consideration. 

Then  for  each  standard  week  (w)  and  for  each  hour  (h)  we  have  determined  : 

1)  The  average  weekly  value  of  foF2  for  quiet  days  e.g.  for  days  for  which  the  index  Ap  is  less 
than  a  value  equal  to  ten  (QWfoF2  (w,h?).  The  average  value  of  the  solar  index  are  also  calculated 
for  these  days  ( QWR ) .  The  technique  of  prediction  of  the  average  quiet  fol  2  is  based  on  the  dcpendance 
of  this  ionospheric  parameter  on  the  mean  value  of  the  daily  solar  index  during  these  days.  Regression 
lines  are  fitted  between  the  ionospheric  parameter  and  this  solar  index  using  the  following  relation¬ 
ship  : 

Q  W llt /■)  ( w,  h  )  =  I  f  i v,  h  )  X'  -t-  H  ( v,  h  )  X  +  C  <  ir,  h  ) 

where  \  Is  the  mean  value  of  the  daily  solar  index  QWR  on  quiet  days.  The  set  of  the  different  coeffi¬ 
cients  (b2  x  24)  are  evaluated  by  the  least  square  method.  The  figure  10  shows  one  example  of  such 

a  fittinq.  The  character! sties  of  each  point  are  defined  by  two  numbers  which  are  respectively  the 
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year  and  its  weight  e.g.  the  number  of  days  on  which  the  average  is  calculated.  The  figure  11  shows 
different  curves  at  0  and  12  H  UT  at  different  seasons  (spring  (w^12),  summer  (w=26),  autumn  (w=38) 
and  winter  (w=51)).  It  appears  that  these  curves  present  different  features.  Someone  are  Increasing 
whith  great  value  of  solar  activity,  some  others  are  decreasing. 

2)  The  average  value  of  foF2  (PWfoF2(w,h) )  for  days  which  Ap  index  is  greater  than  ten  and  the 
corresponding  average  value  of  Ap  (PWAp). 

Wc  compute  the  difference  DWfoF2(w,h)  between  the  two  preceding  values  characterizing  the  quiet 
and  the  perturbed  ionosphere  on  a  week  base. 


D  Wfo  f2  (w,h)=P  Wf0  F2  (w,h)-Q  W Jo  F2  (u>,h  ) 

Regression  lines  are  then  fitted  between  DWfoF2(w,h)  and  PWAp  index  using  the  following  relation¬ 
ship  : 

l)\Vf0F2  (w,  h  j-I)(  u,  h  )  Y  +  E(u>'h) 

where  Y  is  the  average  value  of  Ap  (PWAp)  characteri zing  magnetic  activity  during  perturbed  days. 

The  set  of  the  different  coefficients  (32  x  24)  are  also  evaluated  by  the  least  square  method. 
Some  examples  of  such  a  fitting  are  shown  in  fig.  12  and  13. 

Now  to  forecast  the  weekly  hourly  value  of  foF2  for  a  given  week  (w)  we  use  the  following  relation¬ 
ship  : 


W h)  F2( w,h )  -/J  ( u\h  J  H (  wji )Rw  +  (.  ( u\h )  +  I)(u',h )  WAp  +  /.' ( i «.*,// ) 


where  RW  and  WAp  are  respectively  the  predicted  value  of  solar  and  magnetic  activity  for  the  week  w. 

Comparisons  between  forecastings  and  measured  values  has  been  made.  The  calculated  standard 
deviation  is  equal  to  1.23  MHz.  The  evolution  of  this  parameter  in  function  of  day-time  and  year  are 
shown  in  fig.  14  and  13.  In  this  last  fiqure  we  have  also  mentionned  the  evolution  of  the  solar  activity, 
fig.  16  shows  a  histogramm  of  the  predicted  errors  for  the  period  1971-1986. 


V  -  DAILY  FORECASTING 

The  daily  forecastings  are  relative  to  a  day  of  a  standard  week  previously  defined.  We  have 
similarly  proceed  that  for  weekly  forecasting. 

The  set  of  coefficients  defining  the  evolution  of  fof2  in  function  of  the  solar  activity  is 
identical  to  this  evaluated  for  the  weekly  forecasting. 

To  determine  the  influence  of  the  daily  geomagnetic  index  on  the  ionospheric  characteristic . 
we  calculated  for  each  hour  the  difference  between  the  daily  values  of  foF2  ( fof 2(0, n.h) )  and  the 
mean  weekly  value  for  quiet  days  of  foF2(QWfoF2(w,h) ) . 


I)1)/»F2(  D.w.h  )  =  f0F2'l).u>,hj-QW/0l-2(u’,lt  ) 


We  fitted  again  regression  lines  between  this  parameter  and  the  daily  geomagnetic  index  Ap  using 
the  following  relationship  : 


no  /„  1-2  (  I),  w.  h  )  -  F  (  D. h  }/+<;(!).  v,  I,  ) 


where  Z  is  the  daily  geomagnetic  index.  The  set  of  the  different  coefficients  (32  x  24)  are  also  eva¬ 
luated  by  the  least  square  method.  Fig.  17  and  18  show  different  regression  lines  whose  comments  are 
identical  to  those  of  fig.  12  and  13. 

To  forecast  the  daily  hourly  values  of  foF2  for  a  given  day  we  use  the  following  relationship  : 


f0t2U),w.h  J=.l  (u-,h  )R*+B(w.h)R*C(v,h  }+l(l),u-,h  )  Ap  +(.( l),w,li  ) 


where  R  and  Ap  are  respectively  the  predicted  daily  value  of  solar  and  geomagnetic  activity  index 
for  the  day  D. 
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Comparisons  between  forecastings  and  measured  values  have  also  been  made  for  this  station.  The 
standard  deviation  is  equal  to  1.74  MHz  (fig.  19  and  20).  Figure  21  shows  a  histogram  of  the  predicted 
errors  for  the  period  1971- 1986. 


VI  -  CEOHAQCTIC  AMO  IONOSPHERIC  PERTURBATION 

We  recall  the  following  definition  referring  to  geomagnetic  and  ionospheric  perturbations  : 

-  The  irregular  variations  of  geomagnetic  field  are  consecutive  to  ionospheric  current  system 
alteration  on  the  influence  of  a  solar  event.  We  distinguish  the  magnetic  bay.  the  sudden  impulse 
and  geomagnetic  storms.  Among  the  latter  we  have  the  gradual  and  sudden  magnetic  storms.  The  gradual 
storm  follows  the  27  day  recurrence  consequently  to  the  solar  rotation  and  appear  chiefly  during  low 
solar  activity.  The  sudden  magnetic  storm  is  leading  up  by  a  chromospheric  eruption,  it  result  from 
a  sudden  contraction  of  the  magnetosphere  under  the  influence  of  the  increased  solar  wind  by  a  soiar 
flare. 


-  The  ionospheric  storms  are  perturbations  of  the  ionospheric  characteri sties  (electron  density, 
height  of  the  different  layers,  etc. .. )  on  a  period  of  some  days.  They  are  generally  preceded  and  accompa¬ 
nied  by  geomagnetic  storms.  We  have  also  two  types  of  ionospheric  storms  :  the  recurrent  storms  specially 
during  low  solar  activity  with  a  period  of  27  days  corresponding  to  the  solar  rotation.  The  sudden 
commencement  storm  are  correlated  to  solar  chromospheric  eruption  and  are  preceded  and  accompanied 
by  qeomagnetic  sudden  storm  commencement  (SSC).  We  present  hereafter  two  ionospheric  storms  correspon¬ 
ding  to  severe  magnetic  storms. 

The  13^  July  1982  qeomagnetic  storm  was  relatively  severe  marked  by  a  peak  of  kp-9.  fig.  22 
shows  the  foT2  variation  at  Tahiti  station  comparati vely  to  the  monthly  value.  The  T3l  july  we  observe 
large  variation  of  fof2  (6  to  14  MHz).  The  day  after  the  fol  2  value  is  about  2  MHz  above  the  monthly 
values  with  a  normal  return  the  third  day.  It  is  a  positive  phase  storm. 

The  qeomagnetic  storm  of  September  1992  (22H49UT)  is  also  a  severe  storm  with  a  peak  maximum 
Kp9  .  This  storm  (fiq.  23)  is  followed  by  an  increase  of  foi2  in  the  afternoon.  During  the  following 
night  and  day  after  fol  2  values  fluctuable  abruptly  for  recovering  a  normal  situation  the  following 
day.  It  is  a  positive  phase  followed  by  an  negative  phase  storm. 


VII  CONCLUSION 

The  main  advantage  of  this  method  for  monthly,  weekly  and  daily  forecastings  lies  in  its  simpli¬ 
city.  The  regression  curves  having  been  established  (inn*  for  all.  the  monthly,  the  weekly  and  daily 
predictions  can  be  done  by  a  computer  in  a  few  lapse  of  time. 

Nevertheless  these  methods  use  mainly  a  fixed  sample  of  da:  a  relative  to  past  solar  cycles  and 
which  are  not  renewed  automatical ly  as  time  elapses.  Moreover  the  regression  analysis  has  an  averaging 
effect  which  tends  to  rub  out  any  small  scale  variation  and  part icularly  the  effect  of  ionospheric 
storms.  That  is  particularly  true  on  the  variation  of  DWfol  2  and  111)  fol  2  in  function  of  the  geomagnetic 
i  rules . 


These  considerations  have  brought  us  to  the  conclusion  that  ionospheric  predictions  would  be 
better  by  means  of  adaptive  methods.  The  future  development  in  (his  field  tend  to  make  the  prediction 
in  a  more  automatic  manner.  They  are  concerned  with  the  modelling  of  ionospheric  disturbances  and 
more  rapid  data  collection  part ic nlarly  the  measurements  of  geomagnetic  field  in  this  station. 
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Figure  23 

DISCUSSION 


T.Damboldt 

1.  A  standard  deviation  of  <7  =  1.25  MHz  or  a  -  1.75  MHz  for  /of?  gives  the  impression  of  a  rather  accurate  prediction. 
If  these  values  of  a  are  applied  to  an  oblique  path  MUF,  the  relevant  standard  deviation  then  becomes  o  —  3.75  or 
<t  =  5.25  MHz,  respectively  (assuming  an  M -factor  of  about  3).  This  no  longer  supports  the  impression  of  an  “accurate 
prediction/'  Unfortunately,  however,  this  is  the  present  state  of  the  art. 

2.  Regarding  the  prediction  of  the  frequency  range  between  LUF  and  MUF  for  the  different  levels  of  signal  strength, 
have  you  taken  into  account  propagation  above  the  basic  MUF?  In  other  words,  is  the  upper  frequency  limit  the  basic 
MUF  or  the  operational  MUF? 

Author’s  Reply 

The  basic  MUF  is  first  calculated  for  each  mentioned  paths.  We  select  the  greater  one  with  taking  into  account  available 
operational  means  of  intercourse.  Then  we  apply  a  correcting  formula  to  take  into  account  of  both  the  presence  of 
extraordinary  mode  and  diffusion.  It  is  our  operational  MUF. 
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SUMMARY 

The  determination  of  target  location  by  an  HF  over-the-horizon  backscatter  radar  is  accomplished  by  the  use  of  an 
ionospheric  model  in  conjunction  with  ionogram  transmission  curves.  In  this  paper,  an  ionospheric  model  is  described  in  terms 
of  the  temporal  and  spatial  characteristics  of  the  various  ionospheric  layers.  The  model  includes  the  high-latitude  region  and 
is  used  with  the  transmission  curve  overlay  process  for  HF  backscatter  radar-target  coordinate  registration. 

L0.  INTRODUCTION 

The  geographic  coordinates  of  a  target  detected  by  a  line-of-sight  radar  are  derived  from  the  measurement  of  the 
elevation  and  azimuth  angles  and  the  time  delay  (i.e.,  radar  range). 

For  an  HF  sky-wave  backscatter  radar,  the  measurement  data  available  for  target  identification  are  the  bearing  angle  and 
the  time  delay.  The  determination  of  the  target  location  requires  that  the  virtual  height  of  reflection  of  the  radar  transmissions 
also  be  known.  An  estimate  of  the  virtual  reflection  height  can  be  made  utilizing  the  concept  of  transmission  curves  overlayed 
on  an  ionogram  (i.e.,  signal  time  delay  versus  frequency),  recorded  by  a  vertical  incidence  ionospheric  sounder  situated  in  the 
vicinity  of  the  midpoint  between  the  radar  and  the  target.  If  a  midpoint  vertical  incidence  ionospheric  sounder  is  not  available, 
an  ionospheric  model  in  conjunction  with  a  locally  recorded  vertical  incidence  ionogram  can  be  employed  to  estimate  the 
virtual  height  for  the  target  coordinate  registration  process. 

An  ionospheric  model  applicable  to  the  HF  backscatter  radar  over-the-horizon  identification  problem  is  described  in  this 
paper.  The  procedure  for  radar-target  coordinate  determination  using  the  ionogram  transmission  curve  overlay  approach  is 
also  presented. 

2.0.  IONOSPHERIC  MODEL 
2.L  INTRODUCTION 

The  ionospheric  model  defines  the  temporal  and  spatial  characteristics  of  the  solar-E  and  auroral-E  layers,  the  sporadic 
E  layer,  the  FI  and  F2  layers,  the  mid-latitude  trough,  the  auroral  zoru  id  the  auroral  oval  ionization.  The  ionospheric 
parameters  required  for  model  characterization  are  the  critical  frequency  of  the  layers,  the  height  of  maximum  ionization  of 
the  layers,  and  the  semithickness  of  the  layers.  These  parameters  permit  the  use  of  selected  quasi-parabolic  layer  forms  in 
calculating  virtual  height  trend  corrections  to  apply  to  the  ionogram  transmission  curve  overlay  data  to  achieve  an  estimate  of 
the  desired  midpoint  ionospheric  virtual  height. 

12.  E  LAYER 

22.1  SOLAR-E  LAYER 

The  normal  solar-E  layer  is  a  region  of  ionization  located  z*  zr.  altitude  between  approximately  90  and  130  km.  The 
maximum  ionization,  which  is  at  an  altitude  between  100  a"d  12 J  km,  is  solar  controlled.  That  is,  the  ionization  level  increases 
with  decreasing  solar  zenith  angle. 

The  E-layer  critical  frequency  of  the  ordinary  wave,  f0E  (in  MHz),  is  described  by  a  modified  version  of  the  relationship 
by  Davies  (1965) 


foE  =  0.9  (( 180  +  1 .44  SSN)  cos  XE)° 25  ( 1 ) 

where  SSN  is  the  sunspot  number  (AFGWC,  1982).  The  parameter  XE  is  the  normalized  E-layer  solar  zenith  angle,  X  (in  deg), 
and  is  defined  by 

XE  =90P  (X/101°)  for  0°  £  X  £  101°.  (2) 

A  solar  zenith  angle  of  101°  corresponds  to  the  zenith  angle  of  the  sun  when  illuminating  the  E  layer  at  an  altitude  of  120  km 
and  is  derived  on  the  assumption  of  the  absence  of  a  screening  altitude  (i.e.,  the  altitude  below  which  solar  radiation  is 
absorbed).  The  minimum  value  of  ^E  is  set  at  0.6  MHz  (Air  Force  Global  Weather  Center  (AFGWC),  1982). 
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The  height  of  maximum  ionization  of  the  solar-E  layer,  hmE  (in  km),  is  given  by  (AFGWC,  1982) 

hmE  =100  +20  log,  (sec  XE)  (3) 

This  expression  which  is  a  slightly  modified  version  of  that  given  by  Elkins  and  Rush  (1973)  applies  to  the  condition  X  <  76.78°. 
When  X  >  76.78°,  the  height  of  the  E-layer  maximum  is  maintained  at  120  km. 

The  semithickness  of  the  solar-E  layer,  ymE  (in  km),  is  defined  by  (Rush  et  ai.,  1982) 


ymE  =(1/5.5)  hJE.  (4) 

22.2.  AURORAL-E  LAYER 

(n  the  high  latitudes,  ionization  is  introduced  into  the  E  layer  primarily  by  solar  wind  interaction  with  the  geomagnetic 
field.  During  solar  geophysical  disturbances  resulting  in  auroral  particle  precipitation,  an  E  layer  is  formed  which  is  present 
both  day  and  night.  The  auroral-E  ionization  is  in  addition  to  the  ionization  of  the  normal  solar-E  layer. 

The  northern  boundary  of  the  auroral-E  zone  is  taken  as  coincident  with  the  center  of  the  Feldstein-Starkov  (1967) 
auroral  oval.  In  other  words,  as  shown  in  Figure  1, 


<*>n  =  <*c  =(1/2)  (*E  +<M  (5) 

where  </>N  is  the  corrected  geomagnetic  latitude  of  the  northern  boundary  of  the  auroral-E  zone,  <?>c  is  the  corrected  geomagnetic 
latitude  of  the  center  of  the  auroral  oval,  and  and  0p  are  the  corrected  geomagnetic  latitude  of  the  equatorward  edge  and 
the  poleward  edge  of  the  auroral  oval,  respectively.  The  southern  boundary  of  the  auroral-E  zone,  4>s  (in  corrected 
geomagnetic  latitude),  is  coincident  with  the  equatorward  edge  of  the  auroral  oval. 

The  maximum  value  of  the  auroral-E  critical  frequency  of  the  ordinary  wave,  (f0Ea)M  (in  MHz),  is  expressed  as 
(AFGWC,  1982) 


(f„E,)M  =2.5  +0.11  O 

for  0  <  Q  <  2.7 

16) 

=-1.0+1.40 

for  2.7  <  Q  <  4.2 

(7) 

(f„E,)M  =3.2  +0.4  0 

for  O  >  4.2 

(«) 

where  Q  is  the  magnetic  activity  index. 

The  corrected  geomagnetic  latitude  at  which  (f„Ea)M  exists,  <t>y,  is  given  by  (Rush  et  al.,  1982) 


for  Q  >  3 

(9) 

=4>h  +  1° 

for  Q  <  3. 

(10) 

For  condition  Q  <  3,  the  critical  frequency  of  the  auroral-E  layer,  f0Ea  (in  MHz),  at  the  southern  boundary  of  the 
auroral-E  zone  is  related  to  (f0Ea)M  by  (AFGWC,  1982) 


foE0  =0.6  (f„Ea)M.  (11) 

1  he  value  of  fnEa  at  the  northern  boundary  of  the  auroral-E  zone,  4>N,  is  assumed  to  be  identical  to  that  given  bv  Equation 

(11). 

At  a  corrected  geomagnetic  latitude  south  of  <frM  (between  <frM  and  <£s),  ^MS,  applicable  for  Q  <  3,  f<,Ea  is  determined  by 
linear  interpolation  according  to 


f<jEa  "  0*6  (^a)M  +0.4  (f0Ej)M  (^MS  '  ^sV(^M  *  0s)- 


(12) 


by 


Irrespective  of  the  Q  value,  for  a  latitude  north  of  0M  (i.e.,  between  <frM  and  or  <£MN  ),  the  critical  frequency  is  given 
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foE,  =  (foE.)„  -  0.4  (^.)„  (*„„  -  *„)/(*N  -  M-  (13) 

The  altitude  associated  with  the  maximum  auroral-E  critical  frequency,  (h„E,)M  (in  km),  is  derived  from  (AFGWC, 

1982) 


(ho)Ea)M  =  185 

for  (f„Ea)M  <  2  MHz 

(14) 

(h„Ea)M  =  185  -  30  ((f0Ea)„  -  2) 

for  2  £  (f^E.)*,  <  3.5  MHz 

(15) 

(h„Ea)M  =  145  -  10  ((fJE4„  -  3) 

for  3.5  £  (foE.)*,  <  9  MHz 

(16) 

At  the  outer  edges  of  the  auroral-E  zone  (i.e.,  at  4>s  and  <£N),  the  altitude  of  the  auroral-E  layer,  h„Ea  (in  km),  is  given 
by  (AFGWC  1982) 

hmEa  =  (hnlEa)M  +10.  (17) 

For  the  condition  Q  <  3,  linear  interpolation  if  used  to  determine  hmEa  between  the  latitudes  </>M  and  <j>s.  This  results 
in 


hmEa  =  (hmEa)M  +10-10  (*>MS  -  0s)/(0m  -  4>s)- 


(18) 


For  latitudes  poleward  of  </>M,  hmEa  is  derived  by  linear  interpolation  according  to 

hmEa  =(h„,E,)M  +  10  («MN  -  «m)/(«n  •  d>M)-  (>9) 

This  expression  is  applicable  for  all  values  of  Q. 

The  semithickness  of  the  auroral-E  layer,  y„,Ea  (in  km),  is  related  to  the  layer  height  by  (Rush  et  al.,  1982) 

yfflEa  =  (1/3)  (hA)  (20) 


223.  COMBINED  SOLAR-E  LAYER  AND  AURORAL-E  LAYER 

When  the  solar-E  layer  and  the  auroral-E  layer  are  both  present,  the  sequence  ured  for  combining  the  layers  is  as  follows 
(AFGWC,  1982): 

For  I  hraEa  -  h^E  I  >  10  km, 

a)  Use  auroral-E  layer  procedure  outlined  in  Section  2.2.2  if  (foE/foEa)  <  El 

b)  Use  solar-E  layer  procedure  outlined  in  Section  2.2.1  if  (f0E/f0Ea)  ^  1.1 
For  1  hmEa  -  hmE  I  <.  10  km, 

(h„E)AV  =  (1/2)  (h„E.  +h„E)  (21) 

(faE)AV  =  (1.5  (f^,)4  +(f0E)4)w  (22) 

where  the  subscript  AV  indicates  the  combined  layers.  The  condition  I  hroEa  -  hmE  1  ^  10  km  can  occur  when  (f„Ea)M  is 
greater  than  approximately  6  MHz. 

The  semithickness  of  the  combined  layers,  (ymE)AV  (in  km),  is  specified  by  the  function 


(ymE)AV  =  (1/2)  ((1/5.5)  hmE  +(1/3)  hmEa). 


(23) 


22.4.  SPORADIC-E  LAYER 

The  sporadic-E  layer,  E„  at  one  time  called  the  abnormal  E  layer,  consists  of  thin  patches  of  ionization  that  are  more 
intense  than  the  normal  solar-E  layer  in  which  it  is  embedded.  The  ionization  can  be  so  intense  that  it  can  prevent  radio  signals 


from  penetrating  the  layer.  The  minimum  frequency  at  which  the  Es  layer  is  no  longer  opaque  is  referred  to  as  the  Es  blanketing 
frequency,  fbE».  Above  fbEj,  the  Es  layer  is  partially  reflecting  and  partially  transmitting  up  to  a  maximum  frequency,  f0Es, 
beyond  which  Es  becomes  completely  transparent.  The  parameter  f0E&  is  known  as  the  critical  frequency  of  the  sporadic-E 
layer.  The  Es  blanketing  frequency  is  used  in  the  estimation  of  multipath  effects  and,  based  on  the  analysis  of  Kolawole  (1987), 
it  can  be  assumed  to  be  related  to  f0Es  by 

fbEs  *  0.7  f0Es.  (24) 

The  characteristics  of  Es  vary  with  geographic  latitude.  In  the  low  latitudes,  the  presence  of  Es  is  a  daytime  phenomenon 
and  is  independent  of  season.  In  the  mid-latitudes,  it  is  prevalent  during  the  summer  daytime  hours,  although  it  can  be  present 
during  the  nighttime  and  in  the  winter.  At  high  latitudes,  Eg  occurs  predominantly  during  the  nighttime  irrespective  of  season. 

Because  of  the  spatial  and  temporal  statistical  nature  of  sporadic  E,  it  is  not  incorporated  as  a  parameter  in  the 
ionospheric  model.  However,  sporadic  E  is  assumed  to  be  present  throughout  the  first-hop  coverage  region  when  it  is  observed 
by  the  vertical  incidence  (VI)  ionospheric  sounder  at  the  radar  site.  The  f0Es  in  the  coverage  region  is  assigned  the  value  of 
fcEs  recorded  at  the  radar  site.  To  conform  with  the  sporadic-E  model  developed  by  Leftin  et  a).  (1968),  the  sporadic-E  layer 
is  confined  to  an  altitude  of  1 10  km. 

2.3.  FI  LAYER 

The  maximum  ionization  of  the  FI  layer  is  concentrated  in  the  altitude  regime  between  approximately  180  and  200  km. 
The  magnitude  of  the  maximum  ionization  is  greater  than  that  for  the  normal  soIar-E  layer.  The  Fl  layer  is  solar  controlled, 
similar  to  the  E  layer,  and  thus  is  present  only  during  the  daylight  hours.  It  is  more  effective  in  the  summer  months  compared 
to  the  wintertime.  Its  ionization  level  increases  with  increasing  sunspot  number  and,  during  ionospheric-magnetic  storm 
conditions,  it  can  be  greater  than  that  for  the  F2  layer. 

The  critical  frequency  of  the  ordinary  wave  of  the  Fl  layer,  f()Fl  (in  MHz),  is  represented  by  the  function  (AFGWC, 
1982),  which  is  a  slightly  modified  version  of  the  one  defined  by  Davies  (1965) 

f„F!  =(4.3  +0.01  SSN)  cosn(XF))  (25) 

where  Xn  is  the  normalized  Fl -layer  solar  zenith  angle  given  by 

XF,  =90°  (X/ 105.5°)  for  0”  <  X  <  105.5  *.  (26) 

The  angle,  105.5°,  corresponds  to  the  zenith  angle  of  the  sun,  X  (in  deg),  when  illuminating  the  Fl  layer  at  an  altitude  of 
approximately  240  km.  It  is  derived  by  assuming  the  absence  of  a  screening  altitude. 

The  evponent  n,  in  Equation  (25),  is  solar-zenith-angle  dependent  according  to  (AFGWC.  1982) 


n  =0.2 

for  0"  s  X  <  90" 

(27) 

n  =0.2  +0.3  (X  -  900/15.5" 

for  90"  <  X  <  105.5". 

(28) 

Equation  (28)  shows  that,  for  ihe  condition  90°  <  X  <  105.5°,  the  value  of  n  varies  linearly  between  0.2  and  0.5.  When  the 
calculated  fnFl  value  at  a  location  is  greater  than  or  equal  to  the  f„F2,  the  Fl  layer  is  removed  from  the  model  output. 

The  height  of  maximum  ionization  of  the  Fl  layer  is  given  by  (Rush  et  a!.,  1982) 

hmFl  =165  +0.6428  X  (29) 

where  hmFl  is  in  km  and  X  is  in  deg. 

The  semithickness  of  the  Fl  layer,  ymFl  (in  km),  is  assumed  to  be  related  to  hmFI  (in  km)  bv  the  function  (Rush  et  al., 

1982) 

ymFl  =0.25  hmFl.  (30) 


2.4.  F2  LAYER 

In  contrast  to  the  E  and  Fl  layers,  the  F2  layer  is  basically  not  solar-zenith-angle  controlled.  The  characteristics  of  the 
F2  layer  are  influenced  to  a  great  extent  by  solar-geophysical  conditions  and  are  a  function  of  geomagnetic  coordinates.  The 
F2-!ayer  ionization  maximizes  at  an  altitude  on  the  order  of  300  km.  The  median  values  of  the  F2-layer  critical  frequency,  f0F2, 
are  generated  by  the  numerical  set  of  coefficients  developed  by  Jones  and  Obitts  ( 1970).  The  coefficients  which  are  a  function 
of  geographic  coordinates,  universal  time-of-day,  month,  and  solar  activity  (i.e.,  sunspot  number)  are  identical  to  those 
presently  used  in  1)  the  Ionospheric  Prediction  HFMUFES-4  Program  developed  by  the  Institute  for  Telecommunication 
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Sciences  (Hayden  et  al.,  1976),  and  2)  the  AFGWC  Polar  Ionospheric  Model  (1982).  The  f„F2  value  obtained  using  the  Jones 
and  Obitts  (1970)  coefficients  applies  to  any  day  of  a  given  month. 

The  height  of  the  maximum  ionization  of  the  F2  layer,  h„F2,  is  determined  using  the  method  proposed  by  Dudeney 
(1983).  According  to  Dudeney,  h„F2  (in  km)  is  given  by 


h„F2  =[1490/(M(3000)F2  +  AM)]-  176 


(31) 


where  M(3000)F2  is  the  factor  used  for  converting  vertical  incidence  frequencies  to  oblique  frequencies  for  propagation  to  a 
ground  distance  of  3000  km  via  the  F2  layer.  The  parameter,  AM,  is  the  correction  to  the  M(3000)F2  factor  and  is  expressed 
by 


AM  =(0.253/(x-U15)j-  0.012 


(32) 


where 


x  -  or  1.5,  whichever  is  larger. 


(33) 


Monthly  median  values  of  the  M(3Q00)F2  factor,  which  is  used  in  the  computation  of  haF2,  Equation  (31),  are  specified 
in  terms  of  numerical  coefficients  (Jones  et  al.,  1966)  and  are  available  in  the  Ionospheric  Communications  Analysis  and 
Prediction  (IONCAP)  Program  developed  by  the  Institute  for  Telecommunication  Sciences  (Teters  et  al.,  1983). 

The  semithickness  of  the  F2  layer,  ymF2,  is  derived  from  the  ratio  of  hmF2  to  yJF2  given  in  the  IONCAP  Program.  The 
computation  of  yJF2  is  made  once  h„F2  is  determined.  The  numerical  coefficients  of  M(3000)F2  and  the  ratio  h„F2/ymF2  are 
derived  using  the  same  data  base  and  apply  to  the  fifteenth  day  of  a  given  month.  The  monthly  median  values  of  the  above 
parameters  were  derived  from  ionospheric  sounding  data  taken  during  the  5-year  period  extending  from  1954  through  1958. 

2.5.  TROUGH  -  F2-LAYER  MODIFICATION 

The  trough,  which  is  often  referred  to  as  the  mid-latitude  trough,  the  high-latitude  trough,  or  the  Ottawa  trough,  is  a 
region  of  low  electron  density  in  the  F  region  of  the  ionosphere.  The  geographic  location  of  the  trough,  which  is  considered 
to  be  a  nighttime  phenomenon,  varies  between  35°  N  and  70°  N  latitude.  In  terms  of  corrected  geomagnetic  coordinates,  the 
trough  mostly  is  located  between  50°  N  and  70"  N  latitude.  The  exact  location  of  the  trough  depends  on  such  factors  as  the 
magnetic  activity,  time  of  day,  and  season  of  the  year. 

The  poleward  wall  of  the  trough  is  bounded  by  the  aurora]  oval  (Feldstein  and  Starkov,  1967)  where  the  electron 
densities  are  higher  than  in  the  trough,  fn  other  words,  as  depicted  in  Figure  1, 


9ni  =*e  (39) 

where  An,  is  the  corrected  geomagnetic  latitude  of  the  northern  edge  of  the  trough. 

The  modifications  made  to  the  F2-layer  parameters  in  the  region  of  the  trough  follow  somewhat  the  approach  used  in 
the  AFGWC  Polar  Ionospheric  Model  ( 1982).  In  the  region  of  the  trough  (i.e.,  the  region  south  of  the  equatorward  edge  of 
the  auroral  oval  (^E  >  0)),  the  critical  frequency  of  the  F2  layer  is  modified  in  accordance  with  the  function 


(V2),  =f„F2(l  +AN)  (35) 

where  <t>  is  the  corrected  geomagnetic  latitude  (in  deg)  and 

AN  =r(l  +cos  (2ir(D  +ll)/365))  (36) 


where  D  is  the  Julian  Day. 

The  parameter,  t,  is  defined  by  the  function 

r  =r,  exp  ((X,  -  X,J)/2)  exp  (-(t  -  3)’/12)  (37) 

where 


X,  =(*  -  *E)/Xy 


(38) 
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XA  =3.7  +13  K,,  (39) 

and  where  XA  is  in  deg,  t  is  the  corrected  geomagnetic  local  time  (in  h)  and  K,,  is  the  magnetic  index.  When  (t-3)  >  12,  (t-3) 
is  replaced  with  (24  -  (t-3))  in  Equation  (37). 

The  parameter,  +„  in  Equation  (37)  is  solar  zenith  angle  and  time  dependent  in  accordance  with  the  following  conditions: 
+,  =0  for  X  £  90°  or  6  <  t  <  18  h  (40) 

+i  =-0.2  for  X  >  105.5°  and  18  £  t  s  24  h  and  0  £  t  £  6  h  (41) 

r,  =-0.2  (X  -  90p)/15.5°  for  90“  £  X  s  105.5°  and  18  £  t  £  24  h  and  0  s  t  s  6  h.  (42) 

The  maximum  height  of  the  F2-layer  trough  occurs  at  a  corrected  geomagnetic  latitude,  dMl  (in  deg),  defined  by 


tf’Mt  _  4>z  •  1-5°.  (43) 

At  this  latitude,  the  maximum  F2-layer  trough  height,  (h„F2)H1  (in  km),  which  exists  at  nighttime,  is  given  by 

(h„F2)Ml  =450-  100  V  (44) 

where 

V  =  (t-3)/4  for  3  £  t  £  6  or  18  £  t  £  21  h  (45) 

V  =  -(t-3)/6  for  0  <  t  <  3  h  (46) 

V  =  -(t-27)/6  for  21  <  t  <  24  h.  (47) 


The  maximum  value  of  V  is  limited  to  1  for  calculated  values  of  V  greater  than  1.  In  addition,  for  (hmF2)M,  <  hmF2,  (hmF2)Ml 
is  assumed  equal  to  hmF2. 

Linear  interpolation  is  used  to  determine  the  height  of  the  F2  layer  within  the  trough  between  the  latitudes  tf>M,  and  $E 
and  between  <SM,  and  3S1,  the  southern  boundary  of  the  trough.  The  value  of  the  height  of  the  F2-layer  ionization  peak  at  the 
southern  boundary  of  the  trough  is  determined  according  to  Section  2.4  and  by  Section  2.6  at  the  northern  boundary. 

The  corrected  geomagnetic  latitude  of  the  trough’s  southern  boundary  is  determined  according  to  the  following  criteria: 


*St 

=  *E  +(3.7  +1.3  K,,)  (0.5  -  VR) 

for  r, 

<  0  and  R  >  0.25 

(48) 

4>st 

=  *e-1.5° 

for  f  j 

<  0  and  R  <,  0.25 

(49) 

^St 

=  *e-  1-5° 

for  r, 

>  0 

(SO) 

where 

R  = 

=  0.25  -((t-3)2/6)  +2  log,  (-10+,)  + 

2log,(!  +  cos  (2rr(D  +ll)/365)). 

(51) 

The  semithickness  of  the  F2-layer  trough  is  derived  using  the  same  approach  applied  to  the  normal  F2  layer  (Section  2.4). 
2.6.  AURORAL  ZONE  •  F2  LAYER  MODIFICATION 

The  auroral  zone,  shown  in  Figure  1,  is  considered  the  region  encompassed  within  the  boundary  of  the  auroral  oval  as 
specified  by  Feldstein  and  Starkov  (1967).  It  is  a  region  of  enhanced  ionization  with  respect  to  the  normal-E  layer  and  F  layer. 
The  model  of  f„F2  in  the  auroral  zone  is  similar  to  that  employed  in  the  AFGWC  Polar  Ionospheric  Mode  (1982). 

For  a  location  in  the  auroral  zone  satisfying  the  condition,  <£c  a  4  >/$E,  the  critical  frequency  of  the  auroral  zone  F2 
layer,  (fQF2)A,  is  given  by 


(f„F2)A  =((f„F2)J  +  9AN)1* 


(52) 


where 


AN  =  exp  (-X|  P.)  (53) 

and  where 

X*  =(£e  •  -  ^e)-  (54) 

For  a  location  north  of  the  center  of  the  auroral  oval,  $  >  the  parameter,  AN,  is  modified  to  the  form 

N=  exp  (-2X|).  (55) 

In  the  auroral  zone  and  in  the  polar  cap  (i.e.,  >  Ap),  the  value  of  the  maximum  height  of  the  F2  layer,  (bmF2)A  (in  km), 

is  defined  by 

(hmF2)A  =(1490/M(3000)F2)  -  206.  (56) 


The  retardation  imposed  by  the  H  layer  and  the  FI  layer  and  identified  in  Equation  (31)  is  replaced  by  a  constant  30  km. 
For  the  auroral  zone,  (h„F2)A  is  independent  of  geomagnetic  coordinates  and  time.  The  M(3000)F2  factor  in  Equation  (56) 
is  identical  to  that  contained  in  the  lONCAP  Program  (Teters  et  al„  1983).  The  semithickness  of  the  F2  layer  in  the  auroral 
zone  is  derived  in  a  similar  manner  o  that  used  of  the  normal  F2  layer  (Section  2.4). 

2.7.  AURORAL  OVAL 

The  model  of  the  auroral  oval  (belt)  incorporated  in  the  HF  radar  ionospheric  model  is  the  one  developed  by  Feldstein 
and  Starkov  (1967)  from  photographic  observations  of  aurorae  made  during  the  International  Geophysical  Year  (IGY), 
1957-1958,  a  period  of  intense  solar  activity.  The  Feldstein-Starkov  auroral  oval  defines  the  condition  of  auroral  activity  in  the 
high  latitude  ionosphere. 

The  location  of  the  equatorward  edge  of  the  auroral  oval  is  represented  by  the  function  (Starkov,  1969) 


=72-0.9Q-5.1  cos  (15  (1-0.8)).  (57) 

This  expression  is  applicable  for  Qsl.  The  coordinates  of  the  equatorward  edge  of  the  auroral  oval  for  Q  equal  to  0,  given 
in  Table  1,  were  scaled  from  the  data  plots  in  the  Feldstein-Starkov  (1967)  publication.  In  order  to  avoid  discontinuities  from 
one  time-block  to  another,  the  value  of  is  applied  to  the  middle  of  the  time-block  which  is  referred  to  as  the  Average  Time 
in  Table  1.  Linear  interpolation  is  used  to  determine  <^E  at  other  times  and  intermediate  nonlinear  Q  values. 

The  coordinates  of  the  poleward  edge  of  the  auroral  oval,  presented  in  Table  2,  were  also  sccaled  from  the 
Feldstein-Starkov  (1967)  data.  The  corrected  geomagnetic  latitudes  are  assumed  to  apply  to  the  middle  of  the  time  block, 
similar  to  Table  1.  Linear  interpolation  is  used  to  deduce  the  location  of  the  poleward  edge  of  the  oval  for  other  times  and  O 
values.  For  negative  O  values,  Q  is  assumed  to  be  0  and,  for  O  greater  than  7,  O  is  assumed  to  be  7. 

2.8.  MAGNETIC  INDICES,  Kr  AND  Q,  EQUIVALENCE 

The  southern  and  northern  boundaries  of  the  auroral  oval,  as  presented  by  Feldstein  and  Starkov  (1967),  are  derived  as 
a  function  of  the  magnetic  indices,  Kp  and  Q,  for  the  time  block  22-02  h,  corrected  geomagnetic  local  time.  From  an  analysis 
of  the  data,  it  is  found  that  the  functional  relationship  between  these  two  magnetic  indices  can  be  expressed  by  (AFGWC,  1982) 


o 

II 

r 

for  K,,  <  1 

(58) 

Q  +2 

for  Kp  a  1 

(59) 

This  approach  for  the  conversion  of  the  two  parameters  has  been  adopted  for  the  ionospheric  model. 

The  magnetic  activity  index,  Kp,  is  a  mean  3-hour  magnetic  reading  derived  from  observations  made  between  47°  and  63° 
geomagnetic  latitude.  The  scale  of  0  to  9  is  an  arbitrary  one  where  0  refers  to  very  quiet  conditions  and  9  to  extremely  disturbed 
magnetic  conditions  (Lincoln,  1967). 

The  magnetic  activity  index,  Q  (often  referred  to  as  the  polar  range  index),  is  a  quarter-hourly  index  which  is,  at  times, 
used  to  indicate  the  severity  of  magnetic  conditions  for  high  latitudes,  above  about  58°  geomagnetic  latitude.  The  index  has  not 
been  widely  employed  in  geophysical  analysis  because  of  the  complexity  involved  in  data  reduction  of  magnetic  observations 
to  obtain  the  parameter  (Lincoln,  1967). 


43-8 


The  AFGWC  provides  to  its  product  users  an  effective  Q  value,  Qe,  derived  from  energetic  electron-satellite 
measurements  of  the  corrected  geomagnetic  latitude  of  the  equatorward  boundary  of  the  auroral  ova!  (Gussenhoven  et  al., 
1981).  When  the  satellite  data  are  not  readily  available,  Qe  can  be  estimated  from  Equations  (58)  and  (59). 

In  addition,  AFGWC  derives  on  a  daily  basis  an  estimate  of  the  effective  sunspot  number,  SSn*,  deduced  from  VI 
soundings.  Both  Qe  and  SSN,  are  used  in  place  of  Q  and  SSN  in  the  ionospheric  model. 

2.9.  REAL  TIME  MODEL  CORRECTION 

The  ionospheric  model  provides  a  median  estimation  of  the  temporal  and  spatial  characteristics  of  the  various 
ionospheric  layer  parameters  on  a  global  basis.  The  median  estimates  of  f,.E  and  fjFl  have  been  found  to  be  within  2  to  5 
percent  of  the  actual  daily  values  for  the  E-  and  Fl-layer  variables  and  foF2  estimates  within  10  to  25  percent  of  the  actual 
F2-layer  critical  frequency  (Rush  and  Gibbs,  1973). 

To  minimize  the  day-to-day  variability,  data  from  VI  ionospheric  sounders  are  used  to  adjust  the  ionospheric  model  over 
zones  in  the  vicinity  of  the  VI  sounder  sites.  Linear  correction  is  applied  to  the  E  and  FI  variables.  In  the  case  of  the  F2  layer, 
model  adjustment  is  made  utilizing  the  correlation  coeffients  of  the  F2-layer  parameters  derived  by  Rush  and  Miller  ( 1973)  in 
conjunction  with  the  ionospheric  world  map  generation  method  developed  by  Zacharisen  (1965). 

When  VI  data  are  not  available  on  a  given  day  due  to,  for  example,  an  equipment  malfunction,  5-day  average  values  are 
substituted  from  the  days  just  prior  to  the  data  loss  as  the  best  estimator  of  the  missing  data  for  adjusting  the  ionospheric  model 
(Rush  and  Fibbs,  1973). 

Figures  2,  3,  and  4  are  plots  of  the  spatial  characteristics  of  f0F2,  h„F2  and  the  MUF(3000)F2,  respectively,  computed 
using  the  ionospheric  model.  The  parameter,  MUF(3000)F2,  is  the  maximum  usable  frequency  for  propagation  to  3000-km 
distance  via  the  F2  layer. 

3.0.  RADAR-TARGET  COORDINATE  DETERMINATION 

3.1.  imiODVcnoN 

The  determination  of  the  signal  path  between  an  HF  transmitter  and  receiver  has  been  and  continues  to  be  of  interest 
to  all  users  of  this  radio  frequency  band.  The  capability  for  detailed  analytic  modeling  of  the  ionospheric  plasma  and  for 
calculation  of  the  Poynting  vector  energy  propagation  paths  has  been  developed  to  make  such  determination  possible. 
Additionally,  more  approximate  ray  path  modeling  of  the  radio  signal/propagation  interactions  has  been  developed  for  rapid 
VI  ionospheric  sounding  record  interpretation.  For  over-the-horizon  backscatter  (OTH-B)  radar  application,  ray  path 
approximations  (i.,e.,  transmission  curve  overlays)  are  combined  with  analytic  quasi-parabolic  layer  modeling  to  provide 
propagation  path  specification  to  support  radar  coordinate  conversion.  The  transmission  curve  overlay  solution,  developed  by 
Smith  ( 1939)  for  VI  ionogram  interpretation,  has  been  extended  to  oblique  sounding  -  HF  radar  applications. 

The  single  quasi-parabolic  layer  modeling  of  the  ionosphere  has  found  broad  applications  since  ray  path  integrals  can  be 
evaluated  exactly  in  closed  form  (Croft  and  Hoogasian,  1968).  Exact  ray  paths  of  a  multiple  quasi-parabolic  layer  ionosphere 
have  been  shown  to  be  readily  solvable  using  minicomputers  and  microcomputers  (Hill,  1979)  and  can  aid  in  real-time 
propagation  assessment  systems. 

The  ray  path  solutions  for  virtual  height  calculated  from  ionospheric  model  parameters  are  the  means  of  extrapolating 
transmission  curve  overlay  solutions  to  areas  widely  removed  from  the  radar  VI  sounding  site.  For  propagation  conditions 
where  a  VI  site  is  close  to  the  ray  path  reflection  zone,  the  transmission  curve  overlay  solutions  are  used  directly  without 
application  of  the  ionospheric  model.  The  ionospheric  model  supports  the  analysis  of  multipath  propagation  (when  deemed 
necessary  by  assessment  of  vertical  incidence  soundings)  by  validating  supportability  of  alternate  modes  of  propagation 
(multiple  hops  or  multiple  layer  paths.) 

3.2.  IONOSPHERIC  SOUNDER  AT  PATH  MIDPOINT 

The  provision  of  midpath  VI  sites  on  oblique  propagation  paths  permits  direct  application  of  transmission  curve  overlays 
as  a  means  of  obtaining  virtual  heights  of  reflection  for  propagation  to  specific  ground  ranges  at  different  OTH-B  radar 
operating  frequencies. 

The  VI  data  are  processed  in  accordance  with  the  automated  VI  sounding  systems  developed  by  Reinisch  and  Huang 
Xuequin  (1983).  The  ordinary  ray  VI  traces  are  used  solely  in  the  propagation  path  calculations. 

A  VI  record  and  transmission  curve  o\  rlay  are  illustrated  in  Figure  5  where  the  transmission  ground  distances  are 
labeled  for  each  400  nmi  from  the  radar  site  and  the  elevation  angle  curves  are  labeled  at  each  8  deg.  The  ionospheric  trace 
shown  in  Figure  5  supports  propagation  only  to  1800  nmi  at  the  overlay  operating  frequency  of  22.5  MHz.  The  application  of 
transmission  curve  overlays  has  been  automated  to  generate  only  low-angle  (i.e.,  non-Pedersen  rays)  solutions  from  the 
ionogram  trace.  From  the  transmission  curve  overlay,  it  is  possible  to  identify  all  multiple  layer  solutions  to  the  same  ground 
range  as  well  as  multiple  hops  from  the  same  layer.  Propagation  modes  found  in  the  transmission  curve  overlay  processing 
which  are  not  currently  identified  for  radar  conversion  use  are  identified  to  radar  operators  to  ensure  correct  multipath  labeling 
of  radar  echoes. 

The  procedure  employed  for  the  generation  of  the  transmission  curve  is  presented  in  the  Appendix.  From  the  virtual 
height  and  elevation  angle  information  obtained  using  the  transmission  curve  overlay,  a  coordinate  registration  table  can  be 
computed  for  the  target  location  process.  The  overlay  data  are  compared  with  precalculated  tables  to  determine  the  possible 
solutions  for  each  trace  height  on  the  selected  radar  operating  frequency.  The  distance  solutions  are  restricted  to  low-angle 
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conditions  by  initially  performing  a  localization  of  the  skip  distance  (i.e.,  minimum  ground  range  obtained  by  overlay  solution 
on  the  frequency)  for  the  radar  operating  frequency  and  then  incrementing  in  ground  range  out  to  the  maximum  ground  range 
supported  by  the  layer. 

3.3.  IONOSPHERIC  SOUNDER  AT  RADAR  SITE 

In  the  absence  of  midpath  VI  data,  an  overhead  VI  sounding  at  the  radar  site  is  used  to  provide  base  transmission  curve 
overlay  solutions  that  are  extrapolated  to  the  midpoint  using  the  ionospheric  model.  An  overhead  VI  ionogram  is  illustrated 
in  Figure  6  where  the  ordinary  ray  layer  trace  (curve  labeled  P-F2)  was  entered  by  operator  action.  The  automated  overlay 
solutions  are  applied  as  in  the  midpath  sounding  case.  Gradients  present  in  the  ionospheric  model  due  to  the  radar  site  and 
midpath  separation  are  taken  into  account  in  the  calculations.  The  virtual  height  calculated  from  the  modeled  ionospheric 
parameters  accounts  for  the  diurnal  variability  of  the  layers  by  automated  selection  of  the  true  height  quasi-parabolic  forms 
appropriate  to  the  number  of  layers  and  electron  density  magnitude. 

Figure  7  presents  the  general  form  of  the  electron  density  profiles  provided  for  the  extrapolation  calculations: 

a)  Case  l  -  two  layers  separated  by  an  intermediate  electron  free  region; 

b)  Case  2  -  two  layers  with  an  intermediate  region  of  constant  electron  density; 

c)  Case  3  -  three  layers  with  discontinuous  electron  density  slope  at  each  layer’s  critical  frequency.  The  layers  are 
quasi-parabolic  functions  with  the  semithickness  adjusted  to  ensure  the  junction  of  two  layers  at  the  height  of 
maximum  density  of  the  underlying  layer. 

The  analytical  approach  of  Croft  and  Hoogasian  (1968)  is  employed  in  the  virtual  height  calculations  for  a  single  layer. 
When  multiple  layers  are  present,  Hill’s  (1979)  analytical  functions  are  exercised.  The  virtual  height  calculations  at  the  VI 
radar  site  and  the  midpath  range  provide  a  measure  of  the  virtual  height  offset  that  must  be  applied  to  the  midpath 
transmission  curve  overlay  solutions.  In  this  approach,  the  percentage  offset  (indicated  by  the  midpath  calculated  virtual  height 
to  VI  radar  site  calculated  virtual  height  ratio)  is  used  as  an  expansion  or  contraction  factor  to  apply  to  the  radar  VI  derived 
transmission  curve  overlay  solutions. 

It  is  noteworthy  that  this  approach  does  not  expand  the  frequency  interval  of  overlay  solutions  from  those  of  the  VI  radar 
site  and  thus  does  not  totally  account  for  the  largest  density  variations  between  the  VI  radar  site  and  the  path  midpoint  that 
occur  during  sunrise  and  sunset  conditions. 

4.0.  CONCLUSIONS 

The  application  of  a  real-time  corrected  ionospheric  model  to  support  the  over-the-horizon  backscatter  radar  coordinate 
conversion  process  results  in  a  means  of  accounting  for  measured  temporal  and  spatial  variations  from  median  predictive 
conditions. 

The  combination  of  radar  site  vertical  incidence  ionospheric  soundings  with  transmission  curve  overlays  gives  a  usefull 
approximation  of  the  virtual  height  of  reflection  encountered  by  an  HF  backscatter  radar. 
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6.0.  APPENDIX  -  TRANSMISSION  CURVE  OVERLAY  GENERATION 

6.1.  VIRTUAL  HEIGHT  DETERMINATION 

The  procedure  employed  for  the  calculation  of  the  transmission  curve  overlay  for  virtual  height  determination  is  as 
follows: 

a)  For  a  given  oblique  transmission  frequency,  (in  MHz),  and  a  given  radar-target  ground  distance,  D  (in  nmi),  and 
for  discrete  values  of  virtual  height,  h’  (in  km),  compute  the  angle  of  incidence  at  the  virtual  reflection  height  a  (in 
deg),  defined  by 

a  =tan'1  (sin(1.852D/2R0)/(l  +(h'/R0)  -  COS0.852D/2R,,)))  (60) 

where  R0  is  the  radius  of  the  earth  (6371  km). 

b)  For  the  given  value  of  D,  calculate  the  correction  factor,  K,  expressed  by 

K  =A0  +  A,  D  +A2  D2  +  A3  D3  (61) 

where  \  =9.56  x  101,  A,  =1.44  x  10"4  (nmi)’1,  A2  =-6.15  x  10'8  (nmi)'2,  and  A3  =2.04  x  10’11  (nmi)'1. 

The  above  coefficients  were  computed  from  Wieder’s  ( 1955)  correction  factor-distance  curve.  The  value  of  K  which 
applies  to  a  curved  ionosphere  varies  between  approximately  1.0  and  1.2.  For  a  plane  ionosphere,  K  reduces  to  unity. 

c)  For  the  various  values  of  a  derived  on  the  basis  of  discrete  values  of  h'  and  for  the  corresponding  K  value,  determine 
the  equivalent  vertical  incidence  frequency,  f*  (in  MHz),  given  by 

f,  =(fob)(cosa)/K.  (62) 

This  expression  is  often  referred  to  as  the  corrected  Secant  law  (Davies,  1965).  The  least  squares  curve  fitted 
through  the  h'  versus  £*  data  points  is  the  D  ground  distance  -  transmission  curve  to  be  overlayed  on  the  VI  ionogram. 

d)  Repeat  steps  a  through  c  for  ground  distances  Dlf  Dj,  D3. . .  ty. 

e)  Repeat  steps  a  through  d  for  oblique  transmission  frequencies  (f^j,  (fobta  (Ua— (Wj- 

6.2.  ELEVATION  ANGLE  DETERMINATION 

The  procedure  employed  for  the  calculation  of  the  transmission  curve  overlay  for  elevation  angle  determination  is  as 
follows: 

a)  For  a  given  transmission  elevation  angle,  E  (in  deg),  and  for  the  same  oblique  transmission  frequency  (L,)  and 
discrete  values  of  virtual  height  (ft')  used  above,  compute  the  ionospheric  incidence  angle,  a  (in  deg),  defined  by: 
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a  =sin‘  ((R^Ro  +h'))cos  E)  (63) 

b)  For  the  given  value  of  E  and  the  derived  values  of  o,  compute  the  radar-target  ground  distance,  D  (in  nmi),  from  the 
expression 

D  =(R0/l.852)(l  -  (<x  +  E)/90).  (64) 

c)  For  the  various  values  of  D,  compute  the  correction  factor,  K. 

d)  Compute  the  equivalent  vertical  frequency  (fv)  using  the  coresponding  values  of  a  and  K  determined  in  steps  a.  and 
c.,  respectively.  The  curve  fitted  through  the  h'  versus  t,  data  points  is  the  E  elevation  angle-transmission  curve  to  be 
overlayed  on  the  VI  ionogram. 

e)  Repeat  steps  a.  through  d.  for  elevation  angles  E„  Ej,  Ej...Ek. 

f)  Repeat  steps  a.  through  e.  for  oblique  transmission  frequencies  (f^),,  (4 s)*  (4>e)j— 

63.  VIRTUAL  HEIGHT  ADJUSTMENT  DUE  TO  TRANSMITTER-RECEIVER  SEPARA  HON 

The  procedures  discussed  above  are  applicable  to  both  monostatic  and  bistatic  VI  sounder  systems.  However,  in  the  case 
of  a  bistatic  VI  sounder  system  (i.e.,  transmit  and  receive  antennas  are  separated  by  a  significant  distance),  an  adjustment  in 
the  virtual  height  of  reflection  must  be  made  in  order  to  take  into  account  the  increase  in  the  apparent  virtual  height  resulting 
from  the  transmitter-receiver  separation. 

In  a  bistatic  VI  sounder  system,  the  actual  (adjusted)  virtual  height  is  related  to  the  measured  virtual  height,  h^,  by  the 
function 


h'  =h^cosr  +R0(cos(S/2R0))-l) 


(65) 


where  S  is  the  separation  of  the  transmit  and  receive  sounder  antennas  (in  km)  and  y  is  the  angle  between  the  ray  path  and 
the  vertical  at  the  path  midpoint  given  by 

y  =sin'1  ((Ryhm)  sin  (S/(2R,,)).  (66) 

It  can  be  shown  that,  with  increasing  virtual  height  of  reflection,  the  cos  y  term  increases  to  unity  and  the  difference  between 
the  actual  and  measured  virtual  heights  diminishes  to  zero. 

A  bistatic  VI  sounder  system  also  requires  an  adjustment  in  the  equivalent  vertical  frequency.  The  measured  transmitted 
vertical  frequency,  f^,,  is  slightly  higher  than  the  actual  (adjusted)  equivalent  vertical  frequency.  fv,  according  to  the 
relationship 

fv  =fvnl  cos  y.  (67) 

The  above  relationships  are  applied  in  adjusting  the  transmission  curve  overlay  solutions  for  the  distortion  introduced  in  the 
vertical  incidence  ionospheric  sounding  data  by  a  bistatic  VI  sounder  system  configuration. 
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TABLE  1 

CORRECTED  GEOMAGNETIC  LATITUDE  OF  THE  EQUATORWARD  EDGE  OF  THE  FELDSTEIN-STARKOV 

AURORAL  OVAL  FOR  Q  =0 


Corrected  Geomagnetic 

Local  Time  (h) 

Corrected  Geomagnetic 

Latitude  (deg) 

Time  Block 

Average  Time 
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69.2 
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TABLE  2 

CORRECTED  GEOMAGNETIC  LATITUDE  OF  THE  POLEWARD  EDGE  OF  THE  FELDSTEIN-STARKOV 

AURORAL  OVAL 


Magnetic  Index  (Q) 

Corrected  Geomagnetic  Latitude  (deg) 

Average  Corrected  Geomagnetic  Local  Time  (h) 
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Figure  1.  Geomagnetic  Orientation  of  the  High  Latitude  Ionosphere 
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DISCUSSION 


G.Rostoker 

I  note  that  you  have  a  model  auroral  oval  with  input  parameters  of  poleward  and  equatorward  borders.  How  are  the 
predictions  of  those  border  positions  achieved? 

After  Answer 

You  should  note  that  the  poleward  border  of  the  oval  can  sweep  over  several  degrees  of  latitude  several  times  in  a 
three-hour  interval  (characteristic  of  a  K  index). 

Author’s  Reply 

The  Air  Force  supplies  all  effective  Q  index  based  on  the  DMSP  satellite-optical  measurements  of  the  auroral  oval;  the 
northern  boundary  of  the  auroral  oval,  given  in  Table  2,  was  scaled  from  Feldstein-Starkov  data.  If  all  effective  Q  are 
not  supplied,  the  parameter  is  derived  from  Kp  given  by  equations  (58)  &  (59).  The  Air  Force  also  furnishes  a  daily 
effective  sunspot  number  derived  from  vertical  incidence  sounding  data. 


C.Goutelard 

For  your  calculations  we  use  curves  of  N.  Smith.  These  curves  are  constructs  for  spherical  stratification.  You  use 
sophisticated  models,  and  we  have  Horizontal  Gradients  Ionization.  Have  you  an  evaluation  of  the  error  introduced  by 
this  method? 

Author’s  Reply 

We  have  not  analyzed  the  effects  of  gradients  on  the  transmission  curves.  We  do  take  into  account  the  error  introduced 
in  the  transmission  curve  calculation  by  the  system  being  bistatic  and  not  monostatic.  The  adjustments  to  the  virtual 
height  and  the  equivalent  vertical  frequency  are  given  by  equations  (65)-(67).  The  coefficients  in  the  definition  of  the 
correction  factor,  K ,  (equation  (61),  were  deduced  from  Wieder’s  curve.  The  accuracy  of  specifying  K  is  high. 
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by 
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ABSTRACT 

This  paper  describes  the  procedures  adopted  in  the  ANDREW  Single  Station  Location  (SSL) 
system,  SKYLOC,  to  measure  the  azimuth  and  elevation  angle  of  a  skywave  from  an  HF 
transmitter,  with  a  view  to  determining  the  location  of  that  transmitter  by  appropriate 
Simulation  of  the  ionosphere  and  the  signals  propagating  through  it.  The  procedures  adopted 
are  capable  of  providing  very  accurate  measurements  of  the  azimuth  and  elevation  angle,  well 
within  the  variability  imposed  by  the  ionosphere,  and  are  able  to  process  signals  with  very 
small  signal-to-noise  ratios. 


1  INTRODUCTION 

The  ANDREW  Single  Station  Location  (SSL)  system,  SKYLOC  [Trademark),  is  a  member  of  a 
class  of  systems  known  generically  as  direction  finding  (DF)  Systems.  DF  systems  can  be 
divided  into  a  number  of  different  classes.  In  some,  only  the  horizontal  component  of  the 
arrival  angle  is  measured,  while  in  others  both  the  horizontal  and  vertical  components  are 
obtained,  where  only  the  azimuth  is  measured,  two  or  more  spaced  stations  are  required  to 
determine  the  position  of  the  transmitter.  Systems  that  measure  both  components  are  called 
SSL  systems  because,  in  the  case  of  signals  propagated  by  the  ionosphere,  the  elevation 
angle  and  azimuth  from  just  one  station  are  sufficient  to  define  the  location  of  the 
transmitter,  assuming  a  knowledge  of  the  ionosphere  along  the  circuit. 

Historically,  SSL  was  developed  because  of  the  problems  of  audibility  with  the 
traditional  DF  network,  since  it  often  happened  that  a  transmitter  could  be  heard  at  only 
one  site.  A2so,  if  the  range  to  that  site  was  less  than  a  few  hundred  km,  most  of  the  DF 
systems  then  in  use  could  not  give  accurate  bearings  for  such  high  elevation-angle  signals. 
Most  of  the  early  work  in  this  field  was  carried  out  in  Australia,  where  an  operational  SSL 
system  was  fielded  in  the  late  fifties. 

The  simplest  direction  finder  consists  of  a  movable  directional  antenna  and  a  receiver. 
The  arrival  angle  is  measured  by  moving  the  antenna  until  the  the  signal  is  either  a  maximum 
or  a  minimum.  As  simple  antennas  generally  give  broad  maxima  and  sharp  minima,  the  null 
method  is  usually  used,  even  though  it  may  not  give  good  performance  on  weak  signals.  The 
simple  loop  antenna  or  some  derivative  of  it  appears  in  many  direction  finders. 

One  of  the  disadvantages  of  the  null  method  is  that  the  signal  being  measured  is 
reduced  in  the  null  while  noise  and  signals  from  other  directions  are  not,  effectively 
broadening  the  null.  To  overcome  this  problem,  amplitude  comparison  methods,  which  use  two 
directional  antennas  with  different  orientations,  were  introduced. 

As  it  is  not  always  feasible  or  desirable  to  mo -e  the  antenna  itself,  many  methods  use 
a  fixed  antenna,  the  elements  of  which  act  as  probes,  and  the  movement  occurs  inside  the 
equipment.  One  of  the  earliest  systems  used  fixed  crossed  loops  to  feed  a  small  orthogonal 
loop  arrangement  with  a  rotating  loop  inside  it.  This  was  called  a  goniometer.  (Nowadays 
the  term  "goniometer"  means  almost  any  cyclic  selection  equipment  and  in  fact  may  not  be 
mechanical .  ) 

The  cathode-ray  direction  finder  used  crossed  loops,  but  instead  of  employing  a 
goniometer,  each  loop  was  fed  to  one  channel  of  a  twin-channel  receiver.  The  outputs  from 
the  receiver  were  applied  to  the  orthogonal  pairs  of  deflection  plates  in  a  special 
cathode-cay  tube.  A  clean  signal  produces  a  straight  line,  the  angle  of  which  gives  the 
azimuth  of  the  received  signal. 

Until  the  end  of  World  War  II  the  most  common  type  of  DF  system  was  the  crossed  loop  or 
Adcock.  The  Adcock  system  used  loops  from  which  the  top  horizontal  member  was  removed  and 
the  bottom  horizontal  member  well  shielded  in  order  to  reduce  polarization  errors.  These 
systems  are  small  in  relation  to  the  wavelength  of  the  received  signals  and  consequently  are 
classified  as  narrow  aperture  direction  finding  (NADF)  systems.  NADF  systems  are 
susceptible  to  wavefront  distortions  caused  by  re-radiation  from  objects  near  the  site  and 
wave  interference. 

During  the  war  the  Wullenweber  system  heralded  the  era  of  the  wide  aperture  direction 
finding  { WADF )  systems.  The  Wullenweber  has  a  circularly  disposed  antenna  array  ( CDAA)  up 
to  1000m  in  diameter  with  a  large  number  of  elements.  About  a  third  of  the  elements  are 
combined  to  form  sum  and/or  difference  beams.  These  beams  are  effectively  rotated  in 
azimuth  by  a  rotating  switch  (goniometer)  which  connects  and  combines  elements  in  turn 
around  the  ring. 
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One  further  type  of  system,  called  pseudo-doppler ,  depends  on  the  modulation  imposed  on 
the  signal  if  an  antenna  is  moved  in  a  circle,  the  phase  of  the  modulation  being  a  function 
of  the  direction  of  the  signal.  In  practice  a  CDAA  is  used  and  the  receiver  is  rapidly 
switched  to  each  antenna  in  turn  around  the  ring. 

Another  class  of  direction  finders  is  the  so-called  inte r f e romet r ic  systems,  in  which 
the  direction  of  arrival  of  the  incoming  wave  is  not  deduced  by  rotating  beams  (or  nulls > 
but  from  the  phase  measurements  made  on  a  number  of  spaced  antennas. 

Unlike  the  beam-forming  type  of  WADF's,  interferometers  accept  all  the  signals  incident 
on  the  array.  Two  different  approaches  have  been  used  to  process  the  results.  One,  called 
wave  Front  Analysis  (WFA),  attempts  to  recover  the  major  rays  by  analysing  the  complex 
voltages  appearing  on  the  elements  of  the  antenna  array  under  wave  interference  conditions. 
The  other,  called  Wave  Front  Testing  (WFT),  processes  results  only  during  times  of  quasi 
uni-modal  propagation  (QUMP).  QUMP  is  detected  by  looking  for  a  linear  phase  shift  across 
the  array  and  near-equal  amplitudes  on  all  the  elements. 

Finally,  there  are  the  time-difference  direction  finders  { TDDF )  which  measure  the 
differences  between  the  times  of  arrival  of  the  radio  wave  at  a  number  of  receiving  sites. 
A  hyperbolic  position  line  is  obtained  Oom  the  time  difference  betwee..  each  pair  of  sites. 


2  PROCEDURES  USED  IN  SKYLOC 

A  block  diagram  of  the  SKYLOC  system  is  given  in  Figure  1.  SKYLOC  is  an 
interferometric  system,  with  typically  seven  antennas  spaced  along  two  orthogonal  arms,  as 
illustrated  in  Figure  2.  Phase  and  amplitude  are  measured  at  each  antenna.  The  inner 
antenna  pairs  in  the  array  are  separated  by  10  metres.  Because  the  wavelength  at  15  MHz  is 
20  metres,  there  can  be  no  phase  ambiguities  for  signals  which  are  less  than  15  MHz,  and  we 
can  therefore  adjust  the  measured  phase  on  the  outer  elements  by  the  required  number  of  two 
pi  radians  tc  give  the  correct  value.  For  frequencies  greater  than  15  MHz,  we  use  the  fact 
that  the  antenna  spacing  of  the  intermediate  element  is  a  non-integral  multiple  of  the  inner 
antenna  spacing.  This  allows  identification  and  correction  of  the  phase  ambiguities.  The 
phase  measurements  are  subjected  to  various  quality  filters  and  then  used  to  determine  the 
elevation  angle  and  azimuth  of  the  incoming  wavefront,  as  illustrated  in  Figure  3. 

Signals  received  from  two  spaced  antennas  are  mixed  down  to  a  centre  frequency  of  3kHz 
in  two  receiver  chains,  depicted  in  Figure  1,  whose  gain  and  phase  characteristics  are 
known.  The  receiver  transfer  functions  are  depicted  as  Hl(w)  and  H2(w)  respectively.  If 
the  input  signals  are  sl(t)  and  s2(t),  then  the  output  power  spectra  are  filtered  by  Hl(w) 
and  H2(w)  and  become  Sll(w)  and  S22(w).  See  Figure  4.  They  represent  estimates  for  the 
power  distribution  with  frequency,  and  are  calculated  by  multiplying  the  Fourier  transform 
of  the  output  signal  by  its  own  complex  conjugate.  The  cross  spectra,  on  the  other  hand, 
S12(w)  and  S21(w),  relate  the  power  in  one  channel  with  power  in  the  other.  While  power 
spectra  are  real,  the  cross  spectra  are  in  general  complex.  The  magnitude  jSl2(w)i  is  a 
complicated  expression  but  the  phase  is  simple  to  interpret.  The  phase  of  Sl2(w)  represents 
the  phase  difference  between  the  signals  sl(t)  and  s2(t),  modified  only  by  the  phase 
difference  between  the  receiver  transfer  functions.  If  we  can  calibrate  these  transfer 
functions  we  can  make  Hl(w)  approximately  equal  to  H2{w)  and  remove  the  effects  of  different 
Hi ( w )  and  H2(w) . 

In  SKYLOC,  we  use  a  512-point  transform  and  a  bin  resolution  of  20  Hz.  The  data  are 
windowed,  and  processed  to  give  a  cross-phase  estimate  and  a  quality  estimate  based  on  the 
distribution  of  the  phases.  Data  of  poor  quality  are  rejected. 

Tests  are  also  performed  to  determine  the  departure  of  the  wavefront  from  linearity, 
using  the  phase  and  amplitude  measurements  made  at  the  intermediate  "wavefront  test" 
antennas  (35  metres  from  the  reference  antenna).  If  this  departure  is  sufficiently  small 
the  assumption  of  QUMP  is  made,  and  the  data  passed  to  the  next  processing  stage. 

The  algorithms  used  to  process  these  signals  and  construct  the  angles  of  arrival  rely 
on  a  sequence  of  operations  which  excise  bad  data  points  and  coherently  process  accepted 
data.  This  provides  a  signal  processing  gain  in  excess  of  the  processing  gain  from  the  FFT 
alone  (which  would  provide  some  20dB  or  so),  and  results  in  the  ability  tu  make  angle  of 
arrival  measurements  on  signals  with  a  S/N  ratio  as  low  as  -20dB  in  the  HF  band. 
Correlation  processing  cannot  produce  reliable  estimate  at  less  than  about  +10dB  SNR. 

An  additional  advantage  of  this  approach  is  that  processing  may  be  performed  on  a 
section  of  the  receiver  bandwith,  giving  the  ability  to  perform  narrow-band  DF  operations. 
This  enables  separation  of  signals  which  occur  within  the  same  3kHz  receiver  bandwidth,  but 
which  have  energy  components  occupy i nu  different  spectral  bins. 


3  TYPICAL  SKYLOC  ANGLE  OF  ARRIVAL  OBSERVATIONS 

The  philosophy  adopted  in  SKYLOC  is  that  a  small  sample  of  the  good  quality  data  is 
much  preferable  to  a  large  sample  of  poor  quality  data.  Data  are  therefore  screened  very 
rigorously,  and  under  some  conditions  it  is  possible  for  almost  all  of  the  data  to  be 
rejected . 

Figure  5  shows  a  set  of  individual  angle  of  arrival  measurements  made  on  the 
Melbourne-Ade 1  a ide  circuit  doting  the  1986  trials  of  SKYLOC  [1,2]  on  a  series  of  over  200 
uncooperative  transmitters.  The  equipment  configuration  used  at  the  time  relied  on 
measurements  with  a  two-channel  HF  receiver,  which  made  the  system  slower  than  the  present 
four-channel  system.  A  full  frame  of  angle  of  arrival  measurements  was  made  every  second, 
and  grouped  into  19-second  groups.  The  "cuts"  column  in  Figure  5  shows  how  many  of  the 
measurements  survived  the  filtering  processes.  This  count  was  highest  for  those  sections  of 
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the  record  marked  E  (mode)  or  Fl,  and  least  for  those  sections  corresponding  to  a  (node 
transition.  For  example,  the  count  was  only  4  at  1.2934UT  when  the  E  mode  faded,  to  be 
replaced  by  the  F2  mode.  The  azimuth  column  gives  a  weighted  mean  of  the  individual  azimuth 
estimates . 

Figure  6(a)  shows  the  full  20-minute  accumulation  of  the  elevation  angle  data,  with 
peaks  picked  automatically  at  18  degrees  ( IE  mode),  34.6  degrees  (1F1)  and  45.3  degrees 
(1F2).  Figure  6(b)  shows  the  accumulated  azimuth  histograms  with  a  peak  at  121.7  degrees,  a 
little  lower  than  the  correct  value  of  122.4  degrees.  Each  19-second  group  of  data  is  also 
characterized  by  the  standard  deviation  of  the  measured  azimuths,  and  these  standard 
deviations  are  plotted  in  Figure  6(c). 

The  peak-picking  procedure  had  three  steps 

1.  The  histogram  values  are  filtered  using  a  Parks-McClellan  finite  impulse  response 
filter  of  length  39.  The  passband  cut-off  is  >6.25  and  the  stopband  cutoff  is 
>12.5,  with  stopband  attenuation  of  60dB.  This  type  of  filter  has  the  same  ripple 
magnitude  in  the  passband  and  stopband,  and  has  linear  phase  response.  Linear 
phase  response  means  that  there  is  no  shift  in  the  peaks. 

2.  A  noise  floor  is  set  equal  to  the  average  value  taken  across  all  bins,  with  the 
proviso  that  the  floor  is  not  below  a  fixed  value  (2.0)  and  is  not  less  than  a 
fixed  proportion  (0.25)  of  the  highest  peak. 

3.  A  crude  derivative  is  taken  on  the  filtered  data,  and  any  change  from  positive  to 
negative  on  values  above  the  noise  floor  is  taken  to  indicate  a  peak. 


The  variations  of  the  elevation  angle  (Figure  6(d))  and  azimuch  (Figure  6(e))  with  time 
are  instructive,  since  they  highlight  mode  changes  and  their  effects  on  the  measured 
azimuths.  The  mode  change  marked  in  Figure  6(d)  is  from  Fl  to  E  to  F2  modes.  Figure  6(e) 
shows  the  associated  changes  of  azimuth  which  are  also  clearly  illustrated  in  Figure  6(f), 
which  shows  the  number  of  occurrences  of  the  angle  of  arrival  in  1  degree  bins  in  elevation 
and  azimuth.  In  this  particular  case,  the  bearing  increases  with  elevation  angle,  the 
higher-angle  modes  becoming  increasingly  off-great-circle. 

The  information  contained  in  elevation-bearing  plots  such  as  Figure  6(f)  can  be  used  to 
determine  values  of  azimuth  which  ace  more  accurate  than  those  normally  obtainable  with  a 
network  of  bearing-only  DF  stations.  In  general,  one  would  select  out  the  data  for  the 
propagation  mode  considered  most  likely  to  have  travelled  closest  to  the  great  circle  path  - 
the  E  mode  for  this  case,  or  the  Fl  mode  for  the  Adelaide-Townsv i 1 le  circuit  of  Figure  7. 

Figure  8  shows  the  SKYLOC  data  for  a  real,  but  unusual,  case  which  nevertheless 
illustrates  the  high  resolution  and  accuracy  available  under  ideal  conditions.  Over  80%  of 
the  observations  fell  into  either  of  two  1  degree  elevation  bins,  with  a  similarly  tight 
distribution  in  azimuth.  The  mean  observed  azimuth  was  294.6  degrees,  in  agreement  with  the 
correct  value.  The  unusual  propagation  conditions  existing  at  the  time  have  been  described 
by  McNamara  11],  who  suggests  that  propagation  was  via  an  M  mode,  with  penetration  of  the  F2 
region  almost  occurring  on  one  of  the  hops. 

The  bearing  may  be  even  more  narrowly  confined  when  propagation  occurs  via  the  E  layer, 
as  illustrated  in  Figure  9. 


4  ACCURACY  OF  MEASURED  ANGLES 

As  a  pre-requisite  to  the  attribution  of  errors  in  transmitter  location  to  errors  in 
the  ionospheric  models  and  the  ray  re-tracing  procedures,  it  is  necessary  to  establish  the 
accuracy  of  the  measured  bearing  and  elevation  angles  passed  to  the  modelling  procedures. 
Except  under  some  conditions  discussM  by  McNamara  111,  the  accuracy  may  be  estimated 
reliably  when  propagation  occurs  via  a  blanketing  sporadic-E  layer. 

Figure  10  shows  the  observed  angle  distributions  for  a  transmitter  at  Berri,  which  lies 
187km  from  the  SKYLOC  site,  on  a  bearing  of  75.1  degrees.  The  elevation  angle  of  46.2 
degrees  corresponds  to  a  ground  range  of  197km,  for  reflection  from  the  observed  blanketing 
Es  layer  at  105km.  Data  taken  on  the  horizontal  dipoles  showed  a  second  elevation  peak  at 
66  degrees,  corresponding  to  2Es  propagation  to  a  range  of  184km.  In  all,  6  sets  of  such 
data  were  collected,  yielding  an  average  range  of  185km  and  a  standard  deviation  of  10km. 
The  standard  deviation  of  10km  corresponds  to  a  5km  change  in  the  height  of  the  Es  layer, 
well  within  the  accuracy  for  the  manual  scaling  of  the  ionogram  and  height  changes  from  one 
ionogram  to  the  next. 

The  average  bearing  for  the  6  sets  of  Berri  data  was  74.8  degrees,  with  a  standard 
deviation  of  1.6  degrees,  covering  the  correct  bearing  of  75.1  degrees.  The  spread  in 
bearing  illustrated  in  Figure  10(b)  is  typical  of  that  obtained  for  short  Es  circuits. 

The  Berri  results  thus  confirm  the  generally  high  level  of  accuracy  of  the  angles 
measured  by  SKYLOC.  The  high  resolving  power  of  the  instrument  is  confirmed  by  the  data  for 
case  138  (Figure  8)  for  which  over  80 1  of  the  measured  elevation  angles  fell  in  either  of 
two  1  degree  bins,  and  the  standard  deviation  of  the  bearing  estimates  was  less  than  0.4 
degrees . 


44-4 


4.1  Difficulties  At  Low  Elevation  Angles 

Some  of  the  Sydney  observations  made  during  the  1986  trials  of  SKYLOC  yielded  very  low 
elevation  angles  (1).  For  example,  for  target  129,  the  observed  elevation  angle  was  2.9 
degrees.  Such  low  angles  must  be  regarded  as  unreliable,  if  only  because  the  observing  site 
can  never  be  exactly  flat  and  horizontal.  Besides,  the  aperture  projected  at  low  angles  is 
extremely  small,  and  cannot  provide  the  same  accuracy  as  can  be  achieved  with  high-angle 
rays.  Closer  study  of  the  data  showed  that  the  data-processing  procedures  used  by  SKYLOC 
cause  the  observations  to  be  quantized  for  low  elevation  angles  when  the  target  lies  almost 
along  one  arm  of  the  array,  making  them  even  more  uncertain. 

This  quantization  is  clearly  evident  in  the  data  taken  on  the  5th  March  1987,  for  a 
transmitter  at  Belconnen  {Canberra;  range  953km,  bearing  96.3)  on  6.4405  MHz  (Figure  11)  and 
8.4675  MHz  (not  shown).  The  data  cover  approximately  9  hours  of  continuous  collection, 
enhancing  the  visibility  of  the  effect.  The  separations  between  the  contours  at  a  given 
azimuth  for  8.4675  MHz  were  much  smaller  initially  and  decreased  more  rapidly  with  elevation 
angle  than  those  for  6.4405  MHz,  indicating  that  these  contours  are  a  function  of  frequency. 

The  contours  arise  because  the  processing  performed  within  SKYLOC  uses  integral  values 
of  phase,  on  the  assumption  that  the  system  is  accurate  to  the  nearest  degree  in  phase.  The 
use  of  integer  arithmetic  also  offers  advantages  in  speed  of  computation .  The  effect  is 
particularly  marked  when  the  signal  is  arriving  at  a  low  elevation  angle  (<  10  degrees)  and 
at  an  azimuth  close  to  one  of  the  arms  of  the  array  (in  this  case,  near  90  degrees).  With 
this  geometry,  an  appreciable  change  in  elevation  angle  occurs  for  each  one  degree  in  phase; 
hence  integral  phase  values  produce  quantization  of  the  elevation  angle.  Lower  frequencies 
show  much  larger  steps  between  the  contour  lines. 

The  measured  azimuths  are  not  greatly  affected  -  the  value  obtained  for  target  129  was 
88.0  degrees,  less  than  a  degree  from  the  correct  value  of  87.2  degrees. 


5  CONCLUSION 

Techniques  for  the  measurement  of  che  angle  of  arrival  of  HF  skywaves  have  progressed 
to  the  point  where  the  accuracy  of  derived  HF  transmitter  positions  is  controlled  almost 
entirely  by  our  limited  ability  to  model  the  ionosphere  along  the  circuit  to  the 
transmitter.  The  observations  made  by  SKYLOC  are  of  such  high  accuracy  and  resolution  that 
they  also  provide  a  wealth  of  information  concerning  HF  propagation,  and  make  SKYLOC  a 
powerful  diagnostic  tool  for  the  study  of  the  ionosphere  for  its  own  sake. 
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Pig  3.  Procedures  for  determining  the  elevation  angle  and  azimuth  of 
a  downcoming  HP  skyvave. 
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Fig  5.  Numerical  histograms  of  the  elevation  angles  recorded  for  each 
19-second  group  of  data.  The  Greenwich  mean  time  is  given  in  hours, 
minutes  and  seconds.  The  total  count  for  each  group  is  nominally  19, 
but  only  those  values  passed  by  the  various  filters  are  counted.  The 
azimuth  is  the  mean  value  for  the  number  of  reliable  "cjts" .  The  mode 
identifications  have  been  made  using  the  one-dimensional 
quasi-parabolic  model.  This  figure  is  not  typical  of  those  obtained 
during  the  SKYLOC  trial  -  see  text. 


Pig  7.  Accumulated  (a)  elevation  angle,  (b)  azimuth,  (c)  standard 
deviation  histograms;  time  series  of  (d)  elevation  angle  and  (e) 
azimuth;  and  (f)  elevation  versus  bearing  numerical  histograms  for 
Tovnavllle  case  92. 
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Fig  10.  Accumulated  histograms  of  elevation  angles  and  azimuths  for 
Es  propagation  from  a  transmitter  187km  from  the  SKYLOC  site,  on  a 
bearing  of  75.1  degrees. 
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Fig  11.  Elevation  angle  versus  azimuth  plot  for  data  on  a 
Canber ra-Adela ide  circuit  accumulated  for  a  period  of  about  9  hours. 
The  striations  at  lov  elevation  angle  are  caused  by  rounding  off  the 
observed  phases  to  the  nearest  integer. 
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ABSTRACT 

Procedures  for  determining  the  location  of  an  HF  transmitter  using  observations  from  a 
single  DF  site  have  improved  greatly  in  recent  years.  The  ability  to  measure  angles  of 
arrival  of  the  incoming  skywave  has  now  progressed  to  the  point  where  the  accuracy  of  the 
position  estimation  is  set  by  the  ionosphere  and  its  variability,  and  by  our  imperfect 
knowledge  of  these  variations,  rather  than  by  errors  in  the  measured  angles  of  arrival. 
After  discussing  the  levels  of  accuracy  currently  obtainable,  this  paper  discusses  some  of 
the  limits  set  by  our  inability  to  specify  the  ionosphere  accurately  enough,  and  suggests 
methods  by  which  some  of  these  limitations  can  be  overcome. 


1  INTRODUCTION 

Single  Station  Location  (SSL)  is  one  approach  to  the  problem  of  the  determination  of 
the  location  of  HF  transmitters.  The  traditional  method  used  to  locate  HF  transmitters  uses 
a  network  of  at  least  two  bearing  measuring  stations,  with  the  estimate  of  position  being 
obtained  from  the  intersection  of  the  two  or  more  bearing  estimates.  An  SSL  station  makes 
angle  measurements  in  the  elevation  plane  as  well.  The  location  of  the  transmitter  is  then 
specified  as  lying  on  the  measured  bearing,  and  at  a  range  determined  by  tracing  a  ray  at 
the  observed  elevation  angle  back  towards  the  transmitter,  using  appropriate  ionospheric 
models  and  raytracing  procedures. 

In  general,  the  SSL  technique  can  be  regarded  as  complementary  to  the  network  approach, 
since  each  has  its  limitations.  The  SSL  technique  comes  into  its  own  when  the  networking 
technique  fails  because  only  one  site  can  hear  the  transmitter,  or  when  there  is  some 
confusion  as  to  whether  the  sites  are  observing  the  same  transmitter.  The  SSL  technique,  on 
the  other  hand,  cannot  always  provide  good  range  estimates  because  of  inadequate  knowledge 
of  the  ionosphere  along  the  circuit,  or  because  of  multihop  propagation. 

There  are  three  regimes  in  the  elevation  angle  plane  that  require  different  approaches 
to  the  derivation  of  ground  range.  Above  about  75  degrees,  for  short-range  targets,  it  is 
necessary  to  take  account  of  the  detailed  motion  of  the  ionosphere  with  particular  regard  to 
the  effects  of  travelling  ionospheric  disturbances  (TIDs).  Between  about  75  degrees  and  50 
degrees,  for  medium-range  targets,  most  of  the  effects  of  TIDs  will  have  been  integrated  out 
as  the  ray  passes  through  the  ionosphere,  and  the  local  ionogram  is  usually  valid  for  the 
calculation  of  transmitter  lange.  Below  about  50  degrees,  for  long-range  targets,  the  local 
ionogram  is  only  indicative  of  what  is  happening  to  the  ionosphere  along  the  circuit,  and 
recourse  must  be  made  to  synoptic  models  of  the  ionosphere. 

The  present  paper  is  mostly  concerned  with  long-range  targets,  since  it  is  here  that 
extensive  knowledge  of  large  parts  of  the  ionosphere  is  tequired,  and  briefly  concerned  with 
medium-range  targets.  For  short-range  targets,  mathematical  techniques  based  on  an 
understanding  of  the  small-scale  effects  of  TIDs  are  required,  but  these  will  not  be 
discussed  here. 

The  paper  discusses  some  of  the  limitations  of  the  SSL  technique,  with  particular 
reference  to  the  requirement  for  a  reliable  real-time  model  of  the  ionosphere  along  the 
circuit  and  for  correct  interpretation  of  the  propagation  conditions  along  the  circuit. 
Discussions  are  couched  in  terms  of  the  results  obtained  with  the  Andrew  SSL  system  SKYLOC 
[Trade  Markl  during  a  series  of  trials  with  uncooperative  transmitters. 


2  RAY  RE-TRACING 

The  computational  procedure  in  which  rays  are  traced  from  the  DF  site  back  towards  the 
transmitter  through  a  model  of  the  ionosphere,  at  the  measured  bearing  and  elevation  angles, 
is  known  as  ray  re-tracing. 

The  ray  re-tracing  technique  relies  on  having  a  sufficiently  accurate  model  of  the 
ionosphere  along  the  whole  path  between  the  transmitter  and  the  DF  site.  This  model  would 
specify  the  electron  density  profile  N(h)  at  all  points  along  the  path,  even  when  the  path 
is  not  a  great-circle  path.  In  the  ideal  case,  an  ionogram  is  available  for  every  point 
along  the  path,  and  this  ionogram  is  readily  interpreted  and  analysed  to  deduce  a  reliable 
N(h)  profile.  At  the  other  extreme,  no  ionosonde  information  is  available  and  recourse  must 
be  made  to  maps  of  ionospheric  characteristics  based  on  historical  data,  and  to  some 
reasonable  N(h)  profile  "anchored"  by  these  characteristics.  The  latter  approach  will  fail 
completely  if  the  ionosphere  is  in  any  way  abnormal. 
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Somewhere  in  between  these  limits  is  the  case  most  often  encountered  in  practice  -  some 
ionograms  are  available,  but  not  exactly  where  they  are  required,  it  is  then  necessary  to 
use  information  from  these  ionograms  to  modify  the  historical  maps  so  that  they  are  more 
applicable  to  the  current  situation. 

The  process  of  setting  up  the  appropriate  model  of  the  ionosphere  can  be  divided  into 
three  stages 

1.  Obtaining  suitable  world-wide  synoptic  models  {either  formulas  or  maps)  of  the 
required  ionospheric  characteristics,  with  some  method  of  updating  to  match  the 
ionosphere  observed  at  the  time 

2.  Making  observations  of  the  ionosphere  where  possible,  to  determine  how  to  update 
the  synoptic  models 

3.  Erecting  an  appropriate  electron  density  profile  which  matches  the  updated 
ionospheric  characteristics. 


Generally  speaking,  it  is  necessary  to  define  three  characteristics  for  the  E,  Fl  and 
F2  layers  -  the  critical  frequency  fc,  the  height  at  which  fc  occurs,  hm,  and  a  "thickness" 
parameter  ym.  All  parameters  cannot  be  defined  with  equal  accuracy.  The  accuracy  decreases 
from  fc  to  hm  to  ym,  and  from  the  E  to  F2  to  Fl  layers. 

One  way  of  using  ionosonde  observations  at  one  location  to  update  synoptic-map  values 
at  another  location  is  to  use  an  effective  ionospheric  index.  A  different  index  should  be 
used  for  the  F2  layer  from  that  used  for  the  E  and  Fl  layers,  since  the  causative  physical 
mechanisms  are  different  and  independent.  Attempts  have  been  made  to  relate  departures  of 
ionospheric  characteristics  from  the  median  at  one  location  to  those  at  another  location, 
but  the  published  correlations  seem  to  have  been  overly  optimistic  [1,2]. 

The  problem  of  ray  re-tracing  may  be  approached  at  many  levels  of  complexity,  depending 
on  how  well  the  ionosphere  can  be  modelled  and  how  much  computational  power  is  required. 
There  will  sometimes  be  a  trade-off  between  how  quickly  and  how  accurately  the  results  are 
required,  and  there  is  never  any  point  in  performing  slow  but  accurate  raytracing  through  a 
model  of  the  ionosphere  which  is  just  an  educated  guess. 

in  order  of  increasing  complexity,  some  of  the  methods  which  may  be  adopted  are:- 

1.  One-dimensional  ionosphere;  no  magnetic  field;  analytic  raytracing.  This  method  is 
called  the  one-dimensional  quasi-parabolic  or  (1]QP  method. 

2.  One-dimensional  ionosphere;  with  magnetic  field;  numerical  raytracing. 

3.  Two-dimensional  ionosphere;  no  magnetic  field;  analytic  raytracing.  This  method  is 
called  the  two-dimensional  quasi-parabolic  or  [2]QP  method. 

4.  Two-dimensional  ionosphere;  with  magnetic  field;  numerical  raytracing. 

5.  Three-dimensional  ionosphere;  with  magnetic  field;  numerical  raytracing. 


The  results  presented  in  this  paper  were  obtained  using  the  methods  1,  3  and  5, 

covering  the  range  from  least  to  most  complicated. 


3  RESULTS  OF  SYSTEM  TRIALS 

Before  proceeding  to  a  discussion  of  some  of  the  limitations  of  the  SSL  method  of 
position  estimation,  it  is  appropriate  to  discuss  just  how  good  the  method  can  be  in 
practice . 

A  trial  of  the  SKYLOC  system  was  run  for  a  week  in  October  1986,  and  then  for  two  days 
in  the  following  December,  with  unknown  transmitters  located  at  more  than  twenty  different 
sites  around  Australia.  The  trials  were  coordinated  by  the  Australian  Department  of  Defence 
on  behalf  of  that  Department  and  various  US  Government  Agencies.  Approximately  250  targets 
were  provided  to  the  SKYLOC  operator,  each  being  on  the  air  for  a  nominal  15  minutes  and 
identified  only  by  the  frequency  4  modulation  type.  The  operating  time  was  2000UT  to 
1200UT,  covering  both  the  pre-sunrise  ar«  post-sunset  periods.  The  trials  were  conducted 
very  near  solar  minimum,  and  there  were  no  solar-related  ionsopheric  disturbances. 

SKYLOC  was  located  at  a  site  within  the  boundaries  of  the  Defence  Science  and 
Technology  Organi za tion ,  just  north  of  Adelaide.  The  site  suffered  from  at  least  a  lOdB 
signal-to-noi se  disadvantage  over  the  quiet  receiving  site  used  by  the  trials  coordinator 
10km  away,  causing  some  difficulties  with  target  acquisition  and  identification. 
Unfortunately,  it  was  not  possible  to  provide  the  transmitters  with  a  unique  identifier.  In 
general,  the  spectral  processing  in  SKYLOC  allowed  it  to  work  successfully  down  to  at  least 
-5dB  S/N,  below  which  the  lack  of  a  target  identifier  made  it  impossible  to  be  sure  that  the 
required  transmitter  was  being  observed. 

The  lack  of  an  identifier  caused  some  confusion  even  in  the  case  of  high  S/N  ratios. 
For  example,  target  117  had  an  S/N  ratio  of  17dB,  and  was  supposed  to  be  Sydney.  However, 
the  transmitter  observed  vas  determined  to  be  at  Macquarie  Island  (bearing  150.5,  range 
2690km).  Generally  speaking,  the  ionosphere  on  the  circuits  considered  during  the  five-day 
October  trial  was  a  typical  mid-latitude  ionosphere,  with  normal  diurnal  variations,  the 
occasional  TID  and  seasonal  sporadic  E  (Es).  There  were  no  features  which  would  have  made 
position  finding  any  harder  or  any  easier  than  at  any  other  mid-latitude  site. 
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persisted  throughout  most  of  the  two-day  December  trial,  making  range 
task  while  at  the  same  time  permitting  validation  of  the  elevation  angles 
13). 


McNamara  |4)  has  analysed  the  October  trials  data  for  the  long-range  targets, 
concluding  that  it  is  possible  to  obtain  median  absolute  miss  distances  of  around  7%  for 
both  E  and  F  propagation  modes,  using  synoptic  models  of  the  ionosphere  updated  by  effective 
ionospheric  indices  derived  from  a  single  ionosonde.  However  this  analysis  presumed  a 
knowledge  of  the  order  of  the  propagation  mode,  with  many  of  the  longer  circuits  supporting 
2-hop  modes.  RMS  bearing  errors  were  0.8  degrees  on  average. 


Tables  1  and  2  show  the  errors  in  the  calculated  ranges  for  modes  identified  as  normal 
E  modes  (Table  1)  and  F2  modes  (Table  2).  The  E-mode  results  are  for  the  multi-segmented 
quasi-parabolic  profile  used  by  McNamara  [4),  with  analytic  raytracing  ignoring  the  earth's 
magnetic  field.  Elevation  angles  flagged  as  negative  in  Table  1  were  associated  with 
secondary  peaks  in  the  elevation  angle  histograms,  the  E  mode  not  being  the  dominant  mode. 


Three  sets  of  errors  are  given  for  the  F2  cases  listed  in  Table  2.  The  first  method, 
(1JQP,  uses  the  quasi-parabolic  profile,  with  iteration  to  determine  the  location  of  the 
reflection  point  and  hence  the  values  of  the  ionospheric  characteristics?  the  second  method, 
12}QP,  allows  the  quasi -parabolic  profile  to  vary  along  the  circuit;  and  the  third  method 
uses  a  full  three-dimensional  model  of  the  ionosphere,  with  a  Dudeney  (5)  N(h)  profile  and 
raytcacing  with  field  (6). 


It  can  be  seen  that  there  is  little  to  choose  between  the  three  methods,  the  size  of 
the  error  being  associated  with  the  target  rather  than  with  the  method  of  position 
estimation.  This  indicates  that  accuracy  limits  on  position  estimation  for  F2  modes  are 
currently  being  set  by  our  inability  to  obtain  a  sufficiently  accurate  model  of  the 
ionosphere  along  the  circuit,  and  not  by  our  inability  to  simulate  the  propagation  through 
that  model. 


4  BASIC  LIMITATIONS  OF  THE  APPROACH 

Two  basic  limitations  will  be  discussed 
transmitters.  The  first  is  a  limitation  of 
limitation  of  the  method  used  to  analyse  the 


here,  with  particular  reference  to  long-range 
the  SSL  technique  itself,  while  the  second  is  a 
observations  of  the  incoming  wave  front. 


4.1  Determining  The  Order  Of  The  Propagation  Mode 

There  is  a  conventional  wisdom  in  some  parts  of  the  DF  community  that  the  order  of  a 
propagation  mode  may  be  determined  from  the  spread  in  the  observed  bearing  of  the  signals. 
This  belief  seems  to  have  arisen  from  the  observation  that  the  bearing  deviations  are 
greater  for  multi-hop  modes  than  for  single-hop  modes  (7).  This  is  what  is  expected 
logically  and  is  supported  by  observations  made  during  the  October  trials  of  SKYLOC.  For 
example,  the  observations  of  target  204  (Brisbane)  showed  a  2F2  mode  on  a  bearing  at  63.8 
degrees  with  a  standard  deviation  of  0.6  degrees,  while  a  3F2  mode  on  a  bearing  of  62.9 
degrees  had  a  standard  deviation  of  1.8  degrees,  three  times  as  great  as  that  for  the  2f2 
mode . 


However,  the  reverse  is  not  true  -  a  large  spread  in  bearing  does  not  uniquely  brand  a 
mode  as  multi-hop.  In  fact,  the  smallest  spread  in  bearing  for  all  targets  observed  during 
the  two  trials  was  for  a  2-hop  F2  mode  (Target  138,  North  West  cape).  As  discussed  later, 
the  spread  in  bearing  is  usually  set  by  the  presence  of  several  propagation  modes,  each  with 
its  own  bearing  distribution. 

The  lack  of  any  information  regarding  the  order  of  the  propagation  mode  is  a  basic 
limitation  to  the  SSL  technique.  However,  the  order  can  often  be  deduced  by  using  ancillary 
information  such  as  land/sea  interfaces,  population  centres,  country  borders  and  so  on. 


4.2  Failure  To  Obtain  QUMP 

Being  based  on  a  w3ve-front  test  procedure  rather  than  a  wave-front  analysis  procedure, 
SKYLOC  relies  on  the  ability  to  identify  the  existence  of  periods  for  which  all  but  one 
propagation  mode  fade  away,  leaving  effectively  just  one  propagation  mode.  This  is  the 
condition  of  quasi  uni-modal  propagation  or  QUMP  (8). 

This  condition  was  easily  met  during  the  trials  on  those  circuits  which  supported  only 
a  2F 2  mode  -  Darwin-Adelaide  and  North  West  Cape-Adelaide .  It  was  also  met  to  a  sufficient 
degree  for  most  other  circuits,  depending  on  the  number  of  modes  which  were  supported  by  the 
ionosphere  and  the  radiation  pattern  of  the  transmitting  antennas.  QUMP  is  more  readily 
obtained  when  there  is  only  one  propagation  mode  possible,  or  when  the  transmitting  antennas 
favour  one  mode. 

Figure  i  shows  the  accumulated  elevation  angle  histogram  for  a  case  in  which  a 
20-minute  observation  period  was  insufficient  to  obtain  a  useful  histogram.  The  problem  was 
not  due  to  an  inadequate  S/N  ratio,  since  the  observed  value  of  +lldB  was  more  than  20dB 
above  the  level  at  which  SKYLOC  can  work.  The  intended  transmitter  was  located  at  Hobart  at 
a  range  of  115. rkm  from  Adelaide,  and  on  a  bearing  of  142.5  degrees.  The  observed  bearing  of 
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141.8  degrees  is  in  good  agreement  with  the  correct  bearing.  Propagation  simulation 
indicated  that  the  operating  frequency  of  5.855MHz  would  have  been  supported  by  a  IE  mode  (6 
degrees)#  a  2E  mode  (18  degrees)#  a  2F1  mode  (33  degrees)  and  a  2 F2  mode  (46  degrees).  With 
this  number  of  propagation  modes  possible,  it  is  not  surprising  that  long  periods  of  QUMP 
were  rare.  in  cases  such  as  this,  there  is  clearly  room  for  wavefront  analysis  procedures. 
The  curve  through  the  histogram  was  defined  by  an  automatic  peak-picking  procedure  (31. 


5  LIMITATIONS  TO  RANGE  ESTIMATION  FOR  NORMAL  MODES 

While  the  techniques  developed  to  date  provide  acceptably  accurate  range  estimates  in 
general,  there  will  be  some  conditions  under  which  accurate  range  estimates  cannot  be 
obtained:- 

1.  Estimates  are  unreliable  if  associated  with  a  cusp,  especially  for  a  high  ray 

2.  The  base  of  the  E  layer  is  poorly  modelled 

3.  The  N(h)  profile  in  the  E-F2  and  Fl  regions  is  poorly  modelled 

4.  Synoptic  models  do  not  correctly  model  large-scale  tilts  in  the  ionosphere 

5.  There  is  no  way  to  determine  if  propagation  on  a  long  circuit  was  by  the  ordinary 
or  extraordinary  ray,  and  magnetic  fields  are  sometimes  important 

6.  There  is  no  "correct"  way  to  alter  a  synoptic  model  when  that  model  predicts  that 
the  observed  propagation  is  not  possible. 


Figure  2  shows  a  range  versus  elevation  angle  plot  for  the  simulation  of  an  8.47MHz 
signal  propagating  from  Canberra  to  Adelaide  at  around  1300LT.  The  plot  is  based  on  a 
simple  3-layer  model  of  the  ionosphere,  with  analytic  raytracing  and  ignoring  the  earth's 
magnetic  field.  The  ground  range  to  the  actual  transmitter  was  950km,  and  there  were  peaks 
in  the  observed  elevation  angle  histogram  at  9  degrees  and  29  degrees.  The  model  yielded 
quite  accurate  and  fairly  independent  range  estimates  for  the  IE  and  1F2  propagation  modes. 

The  figure  serves  to  illustrate  some  of  the  propagation  phenomena  which  must  be  taken 
into  account  in  SSL  position  estimation.  Each  of  the  layers  has  a  corresponding  skip 
distance,  high  and  low  rays,  and  penetration  above  the  MUF.  A  certain  amount  of 
skip-distance  focussing  is  indicated  by  the  figure  for  the  E  layer  (17  degrees,  680km);  Fl 
layer  (22  degrees,  940km)  and  F2  layer  (35  degrees,  800km).  The  effect  would  be  greatest 
for  the  F2  layer,  which  has  the  smallest  variation  of  ground  range  versus  elevation  angle. 
The  high  rays  for  the  E  and  F2  layers  have  a  rapid  variation  of  ground  range  with  elevation 
angle,  and  would  probably  be  substantially  defocussed  in  practice. 

QUMP  would  be  easiest  to  achieve  for  ranges  less  than  800km  (only  one  mode,  the  E  mode, 
is  supported),  and  then  less  than  940km  (two  modes,  E  and  F2  modes,  are  supported). 
Circuits  with  a  length  of  1000km  would  support  at  least  IE,  1F1  and  1F2  modes,  with  probably 
only  the  low  E  and  low  F2  modes.  Both  the  low  and  high  1F1  modes  may  exist,  but  the  peaks 
in  the  elevation  angle  histogram  would  probably  not  be  resolved.  When  this  number  of  modes 
is  supported,  periods  of  QUMP  tend  to  be  fairly  limited  in  duration. 


5.1  Effects  Of  Cusps 

There  will  clearly  be  some  difficulty  if  an  observed  elevation  angle  peak  corresponds 
to  a  cusp  in  the  range-elevation  plot,  since  the  ground  range  is  then  essentially 
undetermined.  There  is  also  the  difficulty  that  the  simulated  cusp  could  be  quite  different 
from  the  cusp  for  the  actual  ionosphere,  especially  on  the  steeper  high-angle  side.  In 
practice,  defocussing  and  enhanced  deviative  absorption  would  make  it  unlikely  for-  any 
observed  signal  to  correspond  to  the  steepest  parts  of  the  cusps. 


5.2  Base  Of  The  E  Layer 

A  study  of  Table  1  shows  that  the  largest  errors  for  E-mode  propagation  occurred  for 
the  Sydney-Adelaide  circuit  and  for  low  elevation  angles.  Although  the  values  of  the 
measured  elevation  angles  for  these  cases  are  suspect  (3),  they  draw  attention  to  the  very 
low  apogee  heights  reached  by  the  rays  on  that  circuit,  especially  around  dawn.  At  these 
heights,  the  present  parabolic  E-layer  model  starts  very  abruptly  from  the  base  of  the  layer 
and  a  small  change  in  the  ba_*  height  can  have  a  large  effect  on  the  calculated  range. 

Ideally,  the  base  of  the  model  E  layer  would  have  a  more  complicated  structure,  to 
match  the  observed  D  and  lower  E  region  Nfh)  profile,  but  our  present  knowledge  of  these 
regions  is  inadequate  for  this  task. 


5.3  The  Fl  Layer 

If  the  ionospheric  model  used  for  the  simulation  in  Figure  2  had  been  a  perfect  match 
to  the  real  ionosphere,  the  circuit  should  have  been  observed  to  support  propagation  by  the 
E,  Fl  and  F2  layers.  The  fact  that  no  elevation  peak  was  observed  near  22  degrees  shows 
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3.  It  is  not  possible  to  allow  for  simple  Es  or  Es/F  combination  modes  reliably. 

4.  For  low  frequencies  and  high  obliquity  factors,  it  is  possible  to  get  reflection 
from  the  residual  Es  layer  at  95km. 


6.1  Es  Mode  Identification 

If  the  only  ionosonde  available  is  one  at  the  DF  site,  any  observations  with  regard  to 
Es  can  be  assumed  to  be  applicable  only  for  target  ranges  of  up  to  about  200km,  since 
individual  Es  patches  are  usually  only  a  few  hundred  km  in  extent.  The  duration  of  the  Es 
echoes  at  the  DF  site  would  give  some  indication  of  how  localized  the  Es  probably  is,  since 
any  long-lived  ionospheric  phenomenon  can  usually  be  assumed  to  cover  a  large  area,  but  this 
effect  has  not  been  quantified  to  date. 

Even  when  Es  does  cover  the  DF  site  and  the  circuit  reflection  point,  the  detailed 
characteristics  of  the  Es  may  be  quite  different.  In  particular,  the  Es  may  be 
non-blanketing  at  the  DF  site,  and  blanketing  at  the  circuit  midpoint,  or  vice  versa.  In 
the  former  case,  it  would  be  appropriate  to  quote  two  target  ranges  -  one  assuming  Es 
propagation  and  one  assuming  a  normal  reflection  mode. 


6.2  Non-blanketing  Es 

There  were  two  cases  recorded  during  the  October  trial  that  propagation  on  the 
Canberra-Adelaide  circuit  relied  on  an  Es  layer.  These  were  cases  108  and  123,  and  in  both 
cases  the  assumption  of  propagation  by  normal  modes  would  have  placed  the  transmitter  well 
off  the  east  coast  of  Australia  instead  of  at  Canberra.  The  Adelaide  ionogram  in  fact 
showed  well  developed  E?  on  both  occasions.  For  case  108  (Figure  4),  the  observed  elevation 
angle  was  11.8  degrees,  corresponding  to  a  Lange  of  940km  for  an  Es  layer  at  the  observed 
height  of  120km,  in  excellent  agreement  with  the  correct  range. 

For  case  123  (Figure  5)  on  the  other  hand,  the  observed  peak  in  the  elevation  angle 
histogram  of  8.1  degrees  requires  an  Es  layer  at  90kra  to  yield  the  correct  range.  The  Es 
observed  at  Adelaide  lay  at  a  height  of  120km,  with  no  lower  Es  trace  with  a  plasma 
frequency  exceeding  the  minimum  observed  frequency  of  1.8  MHz.  J  D  Whitehead  (10]  suggests 
that  the  propagation  in  this  case  may  have  involved  reflection  from  the  tilted  edge  of  an  Es 
cloud.  This  interpretation  is  consistent  with  the  much  wider  spread  in  the  measured 
elevation  angles  for  case  123  than  for  case  108,  and  is  also  consistent  with  the  partially 
blanketing  nature  of  the  Es  observed  at  Adelaide.  However  it  seems  unwise  to  push  the 
interpretation  too  far,  because  of  the  small  scale  size  of  Es  clouds  relative  to  the  length 
of  the  circuit.  The  spread  in  bearing  is  essentially  the  same  for  the  two  case s. 


6.3  Es  Combination  Modes 

The  presence,  or  probable  presence,  of  Es  near  the  DF  site,  near  the  target,  or  near 
one  of  the  ground  reflection  points  makes  it  impossible  to  identify  the  propagation  mode  in 
some  cases.  For  example,  instead  of  a  1F2  mode,  the  mode  could  be  Es-F2,  F2-Es  and  so  on. 
This  ambiguity  is  another  facet  of  the  inability  of  an  SSL  system  to  identify  a  multi-hopped 
propagation  mode.  In  the  case  of  a  2-hop  mode,  it  is  possible  for  the  ground  near  the 
midpoint  to  be  shielded  by  an  Es  layer,  resulting  in  an  M  reflection.  This  appears  to  have 
happened  for  case  138,  for  a  transmitter  at  North-West  Cape.  The  estimated  ranges  were 
about  1800km  for  a  1F2  mode  and  3300km  for  a  2F2  mode,  depending  on  the  model,  straddling 
the  correct  value  of  2783km.  However  when  the  ground  reflection  for  the  2-hop  mode  is 
replaced  by  an  M  reflection  from  the  top  of  an  Es  layer  (placed  at  hmE  for  computational 
convenience),  the  range  for  the  one-dimensional  quasi-parabolic  model  becomes  2939km,  an 
error  of  only  6%.  The  error  rises  to  17%  if  the  propagation  mode  is  taken  as  EsF2. 

The  interpretation  of  this  case  in  terms  of  an  M  reflection  is  supported  by  the  results 
from  Perth  case  134  an  hour  earlier,  in  which  the  calculated  1F2  and  2F2  ranges  were  about 
1400  and  2800km  respectively.  Taking  the  mode  to  be  an  EsF2  mode,  with  the  Es  over  Western 
Australia,  yields  a  range  of  1903km  for  the  quasi-parabolic  model,  an  underestimate  of  only 
11%. 


The  results  presented  in  Table  2  exclude  all  cases  for  which  the  models  yield 
essentially  the  same  range,  but  this  ran^e  falls  short  of  the  transmitter  by  the  range  of  a 
1-hop  Es  mode.  There  seems  to  be  no  characteristic  of  the  observations  that  would  identify 
the  propagation  mode  as  involving  Es. 


7  LIMITATIONS  TO  BEARING  ACCURACY 

The  measured  bearing  for  the  long-range  targets  considered  during  the  October  and 
December  1986  trials  had  a  systematic  error  of  0.6  degrees,  and  an  RMS  error  of  0.8  degrees. 
The  systematic  error  was  due  partly  to  injudicious  handling  of  the  data,  and  probably  partly 
due  to  site  errors.  The  former  has  since  been  removed,  but  the  latter  has  not  been 
investigated  because  there  was  no  permanent  DF  site. 


that  Canberra  was  outside  the  skip  zone  for  propagation  via  the  Fl  layer,  and  that  the  Fl 
layer  model  was  incorrect. 

Our  generally  poor  level  of  knowledge  of  the  Fl  region  not  only  results  in  inaccurate 
range  estimates  for  Fl  modes,  but  also  often  prohibits  the  reliable  identification  of  an 
elevation  peak  as  cor  responding  to  an  Fl  mode.  The  difficulty  lies  not  with  foFl,  which  is 
well  modelled,  but  by  inadequate  models  for  hmFl  and  yraFl.  The  models  currently  used  appear 
to  have  been  based  on  only  a  limited  set  of  observations,  and  are  not  always  representative 
of  the  actually  ionosphere.  These  limitations  are  compounded  by  the  very  real  difficulty 
that  the  Fl  layer  often  does  not  exist  as  a  separate  layer. 


5.4  Polarization  Ambiguity 

Whereas  the  crossed  loop  or  horizontal  dipole  antennas  used  for  short-range  targets 
allow  the  selection  of  either  the  ordinary  (0)  or  extraordinary  (X)  ray,  the  vertical 
monopoles  used  for  long-range  targets  do  not.  This  means  that  the  elevation  angle 
distribution  for  the  1F2  mode,  for  example,  will  normally  show  just  one  peak,  which  in 
reality  is  an  unresolved  double  peak  corresponding  to  the  two  modes  of  polarization. 
Simulations  of  this  effect  have  been  performed  by  Saout  and  Bertel  [9). 

Some  evidence  for  the  presence  of  the  two  polarization  modes  can  be  obtained  by 
studying  how  the  histograms  build  up,  rather  than  just  the  histogram  accumulated  over  the 
whole  observing  period.  Figure  3  shows  evidence  of  a  1F2  X  mode  at  around  36  degrees 
elevation  and  m  0  mode  at  around  41  degrees,  during  the  first  few  minutes  of  observation  of 
a  transmitter  in  Melbourne.  At  the  end  of  the  total  17  minute  observing  period,  the 
histogram  was  single-valued,  with  a  peak  at  around  40  degrees.  This  peak  corresponds  most 
closely  to  the  0  mode,  but  in  general  there  would  be  no  way  of  making  this  identification. 

The  calculated  ranges  assuming  a  Dudeney  N(h)  profile  are  505km  for  the  X  ray,  and 
515km  for  the  O  cay.  The  no-field  range  corresponding  to  the  40.5  degrees  peak  in  the 
accumulated  histogram  is  500km,  in  qood  agreement  with  the  other  calculated  ranges.  The 
agreement  would  not  have  been  so  good  if  the  X  ray  had  been  the  dominant  contributor  to  the 
final  elevation  histogram,  since  the  X  mode  range  for  an  elevation  angle  of  40.5  decrees  is 
435km.  The  fact  that  all  ranges  fall  short  of  the  correct  range  of  630km  shows  that  either 
the  ionospheric  characteristics,  or  the  Dudeney  profile  shape  for  the  f2  layer,  was  not  a 
good  fit  to  the  real  ionosphere  in  this  case.  The  calculated  E-mode  range  was  646km. 


5.5  Use  Of  Check  Targets 

The  updating  of  a  synoptic  model  of  the  ionosphere  along  a  circuit  using  the  gross 
properties  of  the  ionosphere  observed  at  any  available  ionosonde  site  relies  on  the  validity 
of  the  assumption  that  the  available  ionospheric  observations  are  representative  of  the 
ionosphere  along  the  circuit.  Clearly  this  assumption  has  its  limitations,  and  where 
possible  it  is  preferable  to  sample  the  ionosphere  along  the  circuit  itself. 

This  can  best  be  done  using  an  oblique  ionosonde,  but  it  is  highly  unlikely  that  •  ne 
will  be  operating  on  a  circuit  sufficiently  close  to  the  required  circuit  to  offer  much 
improvement  to  the  ionospheric  model.  It  is  more  likely  that  a  known  fixed-frequency 
transmitter  exists  in  the  general  region  of  the  target,  and  observations  on  this  known 
transmitter  (or  check  target)  can  be  used  to  modify  the  model  so  that  it  yields  the  correct 
position  (range  and  bearing)  for  the  known  check  target. 

There  appears  to  have  been  no  detailed  study  made  of  this  problem,  but  the  main 
requirement  for  a  known  transmitter  to  be  a  useful  check  target  is  that  the  check  target  and 
unknown  target  should  be  as  close  as  possible  in  location  and  operating  frequency.  It  is  a 
matter  of  experiment  to  decide  just  how  far  these  restrictions  can  be  relaxed,  and  under 
what  conditions,  but  it  is  essential  that  reflection  should  at  least  occur  in  the  same  layer 
for  both  transmitters. 

It  is  quite  possible  that  no  reasonable  amount  of  modification  of  the  synoptic  model 
will  enable  it  to  locate  the  check  target  accurately,  because  the  model  does  not  adequately 
represent  the  horizontal  gradients  present  in  the  ionosphere  at  the  time  of  the 
observations.  In  such  cases,  it  may  be  preferable  to  revert  back  to  the  simpler  model  of 
tilted  plane  mirrors,  and  work  with  fewer  degrees  of  freedom. 


6  DIFFICULTIES  CAUSED  BY  SPORADIC  E 

While  under  some  conditions  the  presence  of  Es  can  make  the  procedure  of  range 
estimation  quite  accurate,  it  does  cause  some  problems:- 

1.  There  is  no  reliable  method  for  determining  whether  reflection  on  even  a  one-hop 
circuit  was  via  Es. 

2.  Non-blanketing  (patchy)  Es  can  give  rise  to  tilts  at  the  edges  of  patches,  and 
these  give  rise  to  incorrect  range  estimates. 
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Examination  of  the  observed  histograms  of  bearing  show  that  the  histogram  often  does 
not  cover  the  correct  bearing,  the  discrepancy  being  greater  than  the  resolution  of  the 
system.  Discrepancies  between  true  and  measured  bearings  can  be  attributed  to  either 
large-scale  tilts,  as  at  sunrise  or  sunset,  or  to  small-scale  tilts  due  to  TIDs.  The  latter 
would  tend  to  average  out  as  the  period  of  observation  increased  beyond  the  typical  TID 
periodicity  of  10  to  20  minutes.  The  observed  discrepancies  are  accumulated  over  about  a  20 
minute  period,  and  their  size  depends  on  whether  or  not  a  TID  was  present  on  the  circuit, 
the  size  and  direction  of  the  TID,  and  whether  or  not  the  observing  period  covered  a  whole 
cycle  of  the  TID. 

Figure  6  shows  by  way  of  example  the  variation  of  bearing  with  time  for  target  47 
(Perth),  and  the  variation  of  elevation  angle  with  bearing.  Asterisks  denote  counts  greater 
than  9.  Figure  6(a)  shows  evidence  of  a  large  TID  with  a  period  of  about  15  minutes  which 
caused  a  bearing  swing  of  about  1  degree,  while  Figure  6(b)  shows  that  the  TID  caused  both 
the  bearing  and  elevation  angles  to  change,  and  not  in  a  systematic  fashion.  The  weighted 
mean  bearing  of  273.6  degrees  is  1.3  degrees  greater  than  the  correct  bearing,  possibly  due 
to  a  morning  tilt  in  the  F2  layer  since  the  observing  period  covered  one  full  cycle  of  the 
TID. 


7.1  Bearing  Corrections 

It  might  be  exp- cted  that  some  of  the  discrepancies  could  be  removed  by  allowing  the 
re-traced  rays  to  move  off  the  great  circle  in  response  to  transverse  gradients  in  the 
synoptic  ionospheric  model.  However  this  expectation  is  not  met.  Figure  7  shows  the 
calculated  bearing  errors,  obtained  by  raytracing  through  a  three-dimensional  model  of  the 
ionosphere  with  magnetic  field,  versus  the  observed  bearing  error,  for  F2  propagation  modes. 
There  is  obviously  no  correlation  between  the  two  sets  of  discrepancies ,  indicating  that 
synoptic  models  of  the  ionosphere  do  not  model  the  horizontal  gradients  in  the  ionosphere 
accurately  enough  to  permit  the  determination  of  bearing  corrections  by  ray  re-tracing. 


7.2  The  Ross  Curve 

The  Ross  curve  (11)  shows  the  variance  in  bearing  as  a  function  of  target  range,  as 
derived  from  a  large  amount  of  good  quality  data  mostly  collected  during  World  War  II.  The 
variance  represents  the  ionospheric  effect  on  the  bearing  error  due  to  disturbances  such  as 
TIDs.  There  is  a  general  decrease  of  the  variance  with  range  out  to  about  1000km,  followed 
by  an  increase  attributed  to  the  presence  of  several  propagation  modes  on  the  circuit. 

The  bearing  errors  obtained  during  the  October  trial  were  found  to  lie  below  the  Ross 
curve  in  general,  as  illustrated  in  Figure  8.  The  circuit  locations  lying  closest  to  the 
Ross  curve,  Melbourne,  Brisbane  and  Irirangi,  usually  supported  at  least  two  and  often  three 
propagation  modes,  each  with  its  own  mean  bearing.  The  Darwin  and  North-West  Cape 
propagation  modes  were  almost  always  2F2,  showing  that  the  spread  in  the  bearing  is  not 
controlled  by  the  order  of  the  propagation  mode. 

The  propagation  mode  for  the  Sydney  circuit  was  usually  a  IE  mode,  with  none  of  the 
bearing  spread  characteristic  of  F-layer  propagation.  Consequently  the  data  point  for 
Sydney  lies  well  below  the  Ross  curve. 


8  MEDIUM-RANGE  TRANSMITTERS 

In  many  ways,  determining  the  locations  of  transmitters  lying  at  medium  ranges  (that 
is,  about  200  to  500km)  is  the  simplest  of  all  cases,  because  a  local  ionosonde  can  be  used 
to  observe  and  quantify  the  ionosphere,  while  the  effects  of  small-scale  TIDs  are  not  yet 
overwhelming.  Ideally,  (a)  the  local  ionogram  would  apply  exactly  to  the  reflection  point 
for  the  unknown  transmitter,  (b)  the  ionogram  would  be  easily  analysed  to  obtain  the 
electron  density  profile,  N(h),  and  (c)  there  would  be  no  large-scale  tilts  of  the 
ionosphere.  The  location  of  the  transmitter  could  then  be  determined  by  raytracing  through 
the  derived  N(h)  profile,  including  the  effects  of  the  earth’s  magnetic  field. 

The  most  likely  limitation  to  this  overall  procedure  is  an  inability  to  interpret  the 
local  ionogram  (preferably  done  automatically)  and  thence  derive  the  N(h)  profile.  There 
will  also  be  the  occasional  large  TID  which  will  necessitate  the  use  of  a  check  target  to 
enable  an  accurate  position  estimate  to  be  determined.  For  example,  Figure  9  shows 
elevation  and  bearing  v  rsus  time  plots  for  a  transmitter  at  Naracoorte  (range  313km, 
bearing  142. 6. >,  which  clearly  indicate  the  passage  of  a  large  TID  directly  across  the 
circuit.  The  effects  of  large-scale  tilts  could  also  be  taken  into  account  by  the  use  of 
check  targets. 

Traditionally,  the  range  estimation  for  a  medium-range  transmitter  would  be  performed 
using  the  so-called  "Classical  SSL"  technique.  This  technique  is  based  on  three  fundamental 
laws  of  HF  radio  propagation  -  the  Secant  Law,  Breit  and  Tuve's  Theorem,  and  Martyn's 
Equivalent  Path  Theorem.  The  application  proceeds  as  follows:- 

1-  The  incoming  signal  at  the  frequency  f  is  observed  to  have  an  elevation  angle  X. 

2.  The  secant  law  is  used  to  calculate  the  equivalent  vertical  frequency,  fv. 
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3.  The  virtual  height  h'(fv)  is  read  from  a  local  vertical  incidence  ionogram,  at  the 
frequency  fv. 

4.  The  signal  is  assumed  to  have  travelled  a  triangular  path,  with  an  elevation  angle 
of  X,  and  with  reflection  occurring  at  an  altitude  equal  to  h'(fv). 

5.  The  range  to  the  transmitter,  TR,  is  then  simply  2h'/tan  X. 


The  usefulness  and  validity  of  this  technique  is  limited  by  its  assumption  of  no 
magnetic  field,  which  introduces  au  inconsistency  when  h'(£vj  is  scaled  trom  a  real  lonograro 
which  clearly  shows  the  effects  of  the  earth's  field. 

The  median  absolute  miss  distance  for  medium-range  targets  observed  during  the  October 
1986  trials  of  SKYLOC  was  9%  for  both  the  classical  SSL  technique  and  the  one-dimensional 
quasi-parabolic  approach,  somewhat  higher  than  for  the  long-range  targets.  The  bearing 
errors  were  also  somewhat  larger  than  for  the  long-range  targets. 


9  CONCLUSION 

Many  of  the  limitations  of  the  SSL  technique  can  doubtless  be  overcome  by  more  careful 
consideration  of  each  of  the  potential  problems  raised  here.  Given  that  the  accuracy  and 
resolution  of  the  equipment  used  to  measure  the  total  angle  of  arrival  is  at  least  one  step 
ahead  of  our  ability  to  model  the  ionosphere,  it  is  obvious  that  the  next  move  must  be  to 
improve  that  ability.  This  can  only  be  done  by  further  improvements  in  our  knowledge  of  the 
physics  of  the  ionosphere,  and  by  real-time  monitoring  of  the  ionosphere  on  a  large  scale. 
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ELEVATION  ANGLE  (<dog> 
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AZIMUTH  ANGLE 
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Fig  1.  Accumulated  histograms  of  elevation  angle  (left)  and 
azimuth  (right)  for  reception  at  Adelaide  of  a  5.855MHz 
signal  from  Hobart.  The  observations  were  accumulated  for  a 
nominal  20  minute  period,  from  23:41:27UT  to  23:58: 50UT.  The 
curve  through  the  elevation  angle  histogram  vas  defined  by  an 
automatic  peak-picking  procedure. 
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Fig  4.  Accumulated  histograms  of  elevation  angle  (left)  and 
azimuth  (right)  for  an  Es  propagation  mode  between  Canberra 
and  Adelaide.  The  calculated  range  is  in  excellent  agreement 
with  the  correct  range,  and  the  mean  bearing  is  only  0.1 
degrees  greater  than  the  correct  bearing  of  96.3  degrees. 


Fig  8.  Bearing  errors  given  by  SKYLOC  during  the  October 
1986  trials,  plotted  in  conjunction  with  the  Ross  cuive.  The 
Ross  curve  is  an  empitical  curve  o£  bearing  variance  versus 
target  range,  based  on  good  quality  DF  data  obtained  over 
many  circui t -years . 


Fig  9.  Time  series  of  elevation  angle  and  bearing  for  a 
313km  long  circuit  from  Naracoorte  to  Adelaide.  The  series 
shows  the  effects  of  a  large  T10  travelling  at  right  angles 
to  the  circuit.  The  bearing  swing  is  about  3  degrees  either 
side  of  the  correct  bearing.  The  elevation  angle  stays 
remarkably  constant  and  provides  a  range  estimate  with  an 
error  of  around  10X. 
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DISCUSSION 

T. Croft 

I  compliment  the  author  on  an  honest  and  candid  report  telling  both  the  good  and  poor  sides  of  pr*a»cni-day  SSL.  My 
own  experience  is  in  almost  total  agreement.  I  have  two  related  comments: 

(1)  It  is  a  convention  in  L)F  and  SSL  to  quote  median  errors  as  the  author  does.  I  believe  this  p?~-iice  has  evolved 
because  the  resulting  value  is  smaller  than  the  mean  would  be.  The  long  “tail”  on  the  data  distribution  has  little  effect 
on  the  median,  and  so  this  parameter  gives  an  optimistic  final  measure  of  quality.  Vet,  a  text  on  statistics  seldom 
mentions  “median”  because  it  has  little  relationship  to  the  many  other  measures  that  typify  the  field  of  statistics. 

(2)  The  author  closed  with  an  observation  that  hardware  is  a  step  ahead  of  ionospberics  with  regard  to  SSL.  I  agree, 
but  with  a  single  exception:  SSL  would  derive  considerable  benefit  if  the  receiving  and  processing  system  could,  in  the 
presence  of  multiple  ionospheric  modes,  give  up  multiple  correct  arrival  angles. 


Author’s  Reply 

l  agree  with  your  comments. 

K.Bibl 

Have  you  also  made  statistical  studies  of  the  range  error  for  different  transmitter  locations,  in  addition  to  the  statistic 
of  the  absolute  amount  of  the  range  error? 

Author’s  Reply 

Yes.  A  paper  describing  the  results  of  the  October  1986  trials  is  to  be  published  in  JATP. 


I 
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INFLUENCE  DES  VARIATIONS  IONQSPHERIQUES  SUR  LES  SYSTEMES  HP 
A  HAUTE  FIABILITE  LTTILISANT  DE  (LANDES  BASES 


C.  OXTIELARD  (1)  et  J.P.  VAN  UFFELEN  (2) 

(1)  LETTI ,  9  Avenue  de  la  Division  Leclerc,  94230  CACHAN,  France 

(2)  TOT,  5  Avenue  Reaumur,  92350  LE  PLESSIS-ROBINSON ,  France 


1  -  INTRODUCTION 

Les  telecommunications  par  ondes  decametriques  sont  caracterisees  par  leur  grande  portee.  L'encombre- 
ment  spectral  tres  important  de  cette  gamme  est  un  obstacle  a  une  bonne  fiabilite  des  liaisons  qui , 
compte  tenu  de  la  variability  du  milieu,  doivent  etre  faites  a  frequence  variable.  11  est  souvent 
necessaire  d'obtenir  des  liaisons  sures  avec  des  procedures  ne  requierant  qu'un  minimum  de  contrain- 
te.  La  diversite  d'espace  est  une  technique  bien  connue.  L‘ utilisation  de  tres  grandes  bases  qui  en 
est  une  extrapolation  apporte  des  solutions  aux  formes  specifiques  des  problemes  lies  a  cette  gamme  ; 
propagation  et  brouillage.  Les  telecommunications  se  font  alors  dans  le  concept  de  reseau  de  trans¬ 
mission  dont  la  gestior.  optimale  doit  d'abord  prendre  en  compte  la  modelisation  a  grande  echelle  de 
1 'ionosphere.  Les  dimensions  minimales  de  la  base  sont  imposees  par  la  decorrelation  du  brouillage 
observe  aux  stations  de  reception. 

L' etude  de  ces  deux  problemes  a  conduit  a  la  definition  de  trois  methodes.  Trois  systemes  d' applica¬ 
tion  hierarchises  sont  proposes. 


2  -  ANALYSE  SPATIO-TEMPORELLE  DU  BRUIT 
2.1.  Principes  des  mesures 

L'obtention  d'une  grande  fiabilite  de  transmission  necessite  le  choix  d'une  frequence  permettant 
d'obtenir  le  rapport  signal  a  bruit  requis  pour  satisfaire  1 'utilisateur.  Les  premieres  analyses 
nous  ont  rapidement  orientes  vers  1 'utilisation  de  diversity  de  frequence  et  d'espace.  La  determina¬ 
tion  de  la  geometric  du  reseau  est  basee  en  particulier  sur  les  caracteristiques  spatio-temporelle 
du  bruit.  Pour  evaluer  les  proprietes  statistiques  du  bruit,  il  a  ete  procede  a  une  experimentation 
ayant  pour  but  de  mesurer  simultanement  le  niveau  de  bruit  regu  dans  diverses  stations.  Pour  per- 
mettre  1 'analyse  temporal le,  ces  enregistrements  ont  ete  synchronises  et  dates  avec  une  precision 
meilleure  que  la  seconde.  Les  niveaux  de  bruit  ont  ete  mesures  dans  50  canaux  de  largeur  de  bande 
5  KHz.  Ces  canaux  repartis  dans  la  gamme  3  a  30  MHz  ont  ete  choisis  parmi  ceux  qui  sont  statistigue- 
ment  calmes.  Chaque  canal  est  echantillonne  simultanement  sur  1' ensemble  des  stations  d' analyse, 
une  fois  par  secorvde.  La  repartition  du  niveau  de  bruit  dependant  de  la  direction  d 'observation, 
nous  avons  utilise  des  antennes  directives. 

Pour  illustrer  les  resultats  obtenus,  nous  divisons  1' analyse  d'une  serie  de  mesures  effectuees  dans 
trois  stations  et  couvrant  une  periode  de  24  heures  par  tranche  de  deux  heures,  la  direction  d'ob- 
servation  etant  ie  nord,  Ces  trois  stations  son t  aux  sommets  d'un  triangle  dont  les  cotes  ont  pour 
longueur  1000,  700  et  500 Km. 


2.2,  Exploitation  des  mesures 

Les  mesures  ont  ete  exploitees  tout  d'abord  independemment  pour  chaque  station  puis  pour  les  trois 
couples  et  enfin  sur  1 'ensemble  des  trois.  Pour  chaque  station,  a  partir  des  mesures  des  niveaux  de 
bruit  s,  on  a  determine  pour  un  seuil  donne  Sc,  choisi  parmi  15  seuils  distants  de  3  dB  (fig.  1)  : 

.  Nc  nombre  de  fois  ou  S  <  Sc 

.  Dc  la  duree  moyenne  pendant  laquelle  S  <  Sc  Dc  =  Tc 

Nc 

.  d  ecart  type  de  la  fonction  de  repartition  des  durees  de  clarte  Tc  . 

L 'exploitation  simultanee  des  ensembles  de  2  ou  3  stations  a  ete  faite  selon  les  meme  principes.  Les 
durees  de  clarte  sont  celles  pour  lesquelles  les  niveaux  de  bruit  observes  sur  les  2  ou  3  stations 
considerees,  sont  simultanement  inferieurs  au  seuil. 

Ces  exploitations  faites  par  tranche  de  2  heures  permettent  d'obtenr  les  duree  moyennes  de  clarte 
et  les  ecarts-types  dont  les  notations  sont  indiquees  dans  le  tableau  1. 


A  partir  des  valeurs  Dc  et  d  on  a  determine  la  densite  de  probabilite  du  niveau  de  bruit, 
c'est-a-dire  la  probabilite  pour  que  le  bruit  soit  compris  entre  deux  valeurs  de  seuil  separes 
de  3  dB.  Cette  analyse  a  permis  de  constater  la  similitude  de  forme  (loi  log  normale)  de  ces 
fonctions  quelque  soit  la  station,  seules  les  valeurs  moyennes  du  bruit  observe  sur  une  tranche 
de  2  heures  different.  Les  figures  2.a(b,c  donnent  la  fonction  de  repartition  du  bruit  observe 
dans  chaque  station. 


2.3.2.  Analyse  par  couple  de  stations 

Les  performances  obtenues  par  la  diversite  d’espace  sont  liees  aux  proprietes  statistiques  des 
bruits  observes  simultanement  dans  les  diverses  stations  de  reception.  Ces  stations  ont  ete  carac- 
terisees  en  evaluant  la  correlation  du  niveau  de  bruit  pour  les  trois  couples  de  stations. 

Pour  lesstations  J  et  K,  on  a  determine  : 

-  les  probabilites  Pj  (Sc)  et  Pk  (Sc)  d' apparition  d'un  niveau  S  <  Sc  dans  chaque  station, 

-  la  probabilite  Pjk  (Sc)  d'apparition  de  niveaux  simultanement  inferieurs  a  Sc  dans  les  deux 
stations . 

On  en  a  deduit,  pour  le  seuil  Sc,  le  coefficient  d ' independance  Iik(Sc>  associe  aux  stations  J 
et  K. 

Par  definition,  ce  coefficient  est  egal  a  1  lorque  les  variables  aleatoires  sont  independantes. 

Les  valeurs  des  coefficients  d' independance  en  fonction  du  seuil  sont  donnees  par  la  figure  3  qui 
montre  que  le  coefficient  d '  independance  est  supeneur  a  0,9  pour  des  niveaux  de  bruit  superieur 
a  environ  100  dB. 


2.4.  Strateqie  de  choix  de  canal 

II  est  interessant  de  determiner  une  strategic  de  choix  de  canal  a  partir  des  analyses  faites  sur 
le  bruit.  A  cette  fin,  les  performances  obtenues  ont  ete  evaluees  en  selectionnant  les  canaux  pour 
lesguels  la  duree  moyenne  de  clarte,  sur  une  periode  de  deux  heures,  est  superieure  a  30  s  pour  un 
seuil  de  clarte  Sc  donne.  Ces  performances  sont  caracterisees  par  le  pourcentage  de  canaux  selec- 
tionnes  selon  ce  critere  et  dont  la  probabilite  de  clarte  est  superieure  a  99,  95,  90,  85,  80  ou 
50  %.  Ces  resultats  sont  presentes  par  le  figure  4. 

A  titre  d'exemple,  pour  un  seuil  de  -  102  db,  la  station  1  dispose  de  27  %  de  canaux  pour  lequel  le 
bruit  est  inferieur  au  seuil  pendant  99  %  du  temps,  60  %  de  canaux  clairs  pendant  95  %  du  temps  et 
78  %  de  canaux  clairs  pendant  90  %  du  temps. 

L'analyse  des  resultats  sur  l1 ensemble  des  stations  montre  qu'en  utilisant  ce  critere,  80  *  des  ca¬ 
naux  selectionnes  sont  clairs  pendant  85  %  du  temps,  ce  qui  met  en  evidence  sa  validite. 


Nombre  de 

Resultats  de  1 'exploitation 

stations 

des  mesures 

1 

Del  Dc2  Dc  3 

dl  d2  d3 

2 

Del. 2  Del. 3  Dc2.3 

d  1.2  d  1.3  d  2.3 

3 

Del. 2. 3 

d  1.2.3 

TABLEAU  1 
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3  -  MODELE  IONOSPHERIQUE 

3.1.  Parametres  de  1 'etudes 

L‘ etude  ionospherique  a  ete  faite  a  partir  des  hypotheses  suivantes  : 

Les  liaisons  a  etablir  sont  localisees  dans  une  zone  de  7000  km  de  diametre  centree  sur  le  centre 
de  gravite  de  la  base. 

L' etude  a  ete  faire  en  prenant  en  compte  l'activite  solaire,  les  effets  journal iers  et  saisonniers 
et  les  variations  spatiales  des  caracteristiques  au  milieu. 

On  a  retenu  pour  cette  etude,  tro^s  valeurs  de  1' indice  d'activite  solaire  R  =  50,  100  et  150. 

Les  periode-  oc  *~est  ont  etr  limitees  aux  cas  les  plus  signif  icatifs  en  raison  de  la  complexity  des 
calculs.  Or  s' as;,  d'abord  ximite  aux  deux  saisons  extremes  hiver  et  ete.  On  a  finalement  retenu  : 

.  juillet  12  H  correspondant  a  1' angle  zenithal  le  plus  faible, 

.  decembre  8  11  et  16  H  correspondant  aux  gradients  d' ionisation  horizontaux  maximum, 

.  juillnt  20  H  et  decembre  20  H  correspondant  a  des  ionospheres  nocturnes  avec  gradients  d‘ ioni¬ 
sation  horizontaux. 

Le  modele  ionospherique  de  Bradley  a  ete  adopte  pour  etudier  la  propogation  des  ondes. 

La  zone  etudiee  est  centree  sur  1’ Europe  Occidentale. 


3.2.  Modes  de  propagation 

Les  modes  de  propagation  a  prendre  en  compte  dependent  de  la  longueur  de  la  liaison  a  assurer. 

L'etude  statistique  etendue  aux  cas  cites  precedemment  fait  ressortir  1' apparition  des  modes  possi¬ 
bles  pour  les  differentes  longueurs  de  liaison.  On  a  considere  qu'un  mode  etait  optimum  s'il  donnait 
le  champ  maximum  Emax.  On  a  alors  defini  une  plage  (appelee  plage  de  reception  optimale)  dans  la- 
quel  le  le  champs  regu  E  est  tel  que  : 

.  E  max  -  10  dB  <  E  <  Emax 

Lorsque  plusieurs  modes  donnent  des  champs  dont  la  valeur  est  comprise  dans  cette  plage,  on  a  con¬ 
sidere  leur  existence  simultanee. 

A  titre  d'exemple,  pour  une  liaison  de  longueur  D  :  1500  km,  sur  1586  cas  traites,  la  statistique 
donne  les  resuitats  suivants  : 

.  Mode  1  F  optimal  :  39  %  des  cas, 

.  Mode  2  F  optimal  :  9  %  des  cas, 

.  Mode  IE  optimal  :  5  %  des  cas. 

Modes  simultanes  presents  : 

.  Modes  IF  et  2F....  :  26  %  des  cas, 

.  Modes  IF  et  1  E...  :  5  %  des  cas, 

.  Modes  IF,  2F  et  IE  :  14  %  des  cas, 

.  Autres  modes .  :  2  %  des  cas. 

II  est  apparu  a  travers  cette  etude  que  les  liaisons  etaient  essentiellement  assurees  par  les  modes 
IE,  IF,  2F  presents  separement  ou  simultanement . 

Les  modes  mixtes  LE-1F  ou  multiples  2E,  3F  apparaissent  rarement,  on  a  en  consequence,  mene  l’etude 
uniquement  sur  les  trois  modes  prmcipaux  :  IF,  2F,  IE. 

Les  zones  optimales,  tell es  qu'elles  ont  ete  definies,  sont  de  formes  annulaires  dont  la  dimension 
radiate  est  de  l'ordre  de  600  km.  'a  determination  exacte  ne  peut  etre  faire  que  par  des  calculs  de 
champ  precis  fort  longs. 

On  a  evite  cette  difficult^  en  remarquant  que  pour  la  couche  F,  les  distantes  de  bond  variaient  en 
moyenne  de  300  km  pour  des  increments  de  frequence  d' emission  egaux  a  Fo.F2.  La  zone  ou  le  champ  est 
maximum  a  10  dB  pres  est  done  constituee  par  2  zones  contigues.  4 

On  a  done  determine  les  zones  de  reception  optimales  en  calculant  les  distances  de  bond  pour  les 
frequences  : 

Fn  :  po  (1  +  n) 

4 

avec 


n  1 


10 
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On  a  conserve  les  memes  frequences  pour  les  calculs  des  modes  E  pour  les  raisons  suivantes  : 

-  ce  choix  reduit  l'etendue  des  zones  optimales  sensiblement  dans  le  meme  rapport  que  celui  des 
zones  couvertes, 

-  les  comparaisons  des  modes  E  et  F  sont  plus  faciles  a  faire,  et  notamrr’ent  en  ce  qui  concerns 
les  occultations. 

Les  figures  5  .a  et  b  montrent  des  exemples  relatifs  respect ivement  aux  modes  F  et  E. 

Les  memes  frequences  utilisees  pour  le  mode  2F  ont  donne  des  resultats  dont  la  figure  5  .c  est  un 
exemple. 


3.3.  Determination  des  2ones  de  reception  optimales 

On  a  utilise  pour  cette  etude  la  terminologie  suivante  : 

-  Fv  note  la  frequence  veillee  par  une  station  d'ecoute, 

-  Ft  note  la  frequence  de  transmission, 

-  Frequence  Optimale,  celle  assurant  le  meilleur  bilan  de  transmission,  defini  precedemment  pour 
une  station  d’ecoute, 

-  Frequence  optimale  simultanee  celle  qui  est  simultanement  optimale  pour  deux,  trois  ou  4  sta¬ 
tions  d'ecoute. 


3.3.1.  Principe  de  determination  des  zones  de  reception  optimales  par  une  station  utilisant  un  sondeur 
a  retrodif fusion 

On  suppose  que  la  station  centrale  est  equipee  d'un  sondeur  a  retrodiffusion  permettant  I'examcr. 
des  conditions  de  propagation  et  d'une  station  de  sondage  oblique  bistatique  capable  de  transmt • -  re 
avec  les  signaux  de  sondage  des  informations  aux  utilisateurs  situes  dans  la  zone  couverte. 

Pour  une  station  d’ecoute  de  la  base,  la  zone  optimale  pour  une  frequence  Fn  est  delimitee  par  ies 
deux  courbes  definies  par  (n-1)  et  (n+i). 

Ainsi,  si  on  considere  les  courbes  (n-1)  et  <n+l)  etablies  pour  2  stations  (figure  6)  on  peut  de- 
finir  pour  chaque  la  zone  de  frequence  optimale  Fn  qui  permet  de  determiner  la  zone  de  reception 
optimale  simultanee  pour  les  deux  stations.  Pour  la  frequence  Fn+1  on  peut  determiner  une  zon ^ 
identique  et  ainsi  definir  les  bases  d'une  couverture.  Pour  des  frequences  comprises  entre  Fn  et 
Fn+1,  on  obtient  des  zones  intermedia ires  qui  montrent  que  la  zone  totale  de  reception  optimale 
pour  deux  stations  est  l'enveloppe  des  "pointes  exterieures"  des  zones  Fn,  Fn+1  successives. 

La  figure  7  montre  un  exemple  de  determination  de  zones  de  reception  optimale  pour  deux  stations 
distantes  de  700  Km  pour  le  mode  IF.  II  apparait  qu'une  grande  partie  de  la  zone  peut  etre  cou¬ 
verte  par  une  reception  optimale  simultanee  pour  les  deux  stations  et  deux  zones  ne  peuvent  etre 
couvertes  par  une  reception  optimale  que  sur  une  seule  station.  Ces  deux  zones  ont  ete  appeleer- 
" zones  de  non  reception  optimale”. 

L’etude  a  ete  appliquee  aux  differentes  conf igurations  possibles  en  corisiderant  les  bases  const l- 
tuees  par  2,  3  ou  4  stations  d'ecoute. 

L' exemple  presente  montre  la  determination  des  zones  de  non  reception  optimale  simultanees  par 
deux  stations. 

On  a  considere  que  la  reception  etait  optimale  si  au  moins  deux  stations  d'ecoute  de  la  base  rece- 
vaient  les  signaux  dans  des  conditions  optimales,  par  l'un  des  modes  de  propagation  IF,  2F  ou  IE. 


3.3.2.  Principe  de  determination  des  zones  de  reception  optimales  par  une  station  utilisant  un  sondeur 
oblique  bistatique 


Dans  cette  hypothese  le  choix  de  la  frequence  de  transmission  est  fait  avec  des  signaux  de  sonda- 
ges  obliques  bistatiques  qui  ne  donnent  de  renseignements  que  sur  une  liaison.  On  considere  que 
la  station  emettrice  du  sondeur  oblique  se  trouve  a  proximite  de  la  sation  d'ecoute  1. 

Un  util^sateur  choisit  done  sa  frequence  de  transmission  en  fonction  de  cette  station.  S'il  se 
trouve  sur  la  courbe  n,  il  choisit  la  frequence  Fn  optimale  pour  la  station  1.  La  reception  est 
done  egalement  optimale  pour  la  station  2  entre  les  courbes  n-1  et  n+1  (figures  ),  done  sur  le 
segment  AB.  Pour  les  frequences  Fn+1,  Fn+2  on  determine  de  meme  les  segments  A,  Bl,  A2,  B2. 
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La  zone  optimale  simultanee  est  done  limitee  oar  les  Iieux  des  points  A  et  B. 

On  peut  remarquer  alors  que  les  zones  optimales  de  reception  sont  moms  etendues  dans  ee  cas  que 

dans  celui  ou  l'on  utilise  un  sondeur  a  retrodif fusion.  En  effet,  il  apparait  sur  la  figure  9 
que  : 

-  la  zone  optimale  dans  le  cas  d'une  station  (kjuipee  d‘un  sondeur  a  retrodif fusion  est  obtenue 
par  l'enveloppe  des  "pointes  exteneures"  des  courbes  (n-1),  (r.+  l)  . 

-  la  zone  optimale  dans  le  cas  d’une  station  equipee  uniquement  d‘un  so>rjeur  oblique  bistatique 
est  obtenue  pour  l'enveloppe  des  "pointes  internes"  des  courbes  (n-1),  (n+1)  . 

La  figure  7  fait  apparaitre  la  difference  des  zones  de  reception  non  opt imaies  pour  les  deux  cas, 

L’etude  a  ete  appliquee  aux  differentes  configurations  de  bases  equipees  de  2,  3  ou  4  stations 

d’ecoute. 

La  procedure  devient  identique  a  celle  decrite  precedcmment  en  utitisant  les  zones  de  r.or.  reo*~p- 
tion  optimales  simultanees. 


3.4.  Resultats 


3.4.1.  Utilisation  du  sondage  oblique  bistatrque 

Dans  le  cas  d’une  base  constitute  de  deux  stations  d’ecoute,  la  couverture  est  mediocre. 

Dans  le  cas  d’une  b*se  definie  au  pa rag raphe  2.1.  et  const i tuee  de  3  stations  d’ecoute.  resui- 

sultats  sont  donnes  dans  le  tableau  3.3.  pour  tous  l»s  indices  solaires  ^onfondus. 
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3.4.2.  Utilisation  du  sondaqe  par  ret rodif fusion 

Pour  une  base  constituee  par  deux  stations  d’ecoute  la  couverture  est  mediocre.  Dans  le  cas  de  la 
base  constituee  de  3  stations  d’ecoute,  les  resultats  sont  donnes  dans  le  tableau  4,  pour  tous 
indices  solaires  confondus. 


JUILLET  12  H 

JUILLET  20  H 

DECEMBRE 

H 

DECEMBRE 

16  H 

DECEMBRE  20  H 

MOYENNF. 

SAISONS 

« 

_ 

% 

S 

% 

S 

% 

S 

% 

S 

% 

S 

* 

IE 

9,64  405 

2, AC 

_ 

- 

1 , 49  106 

3,80 

8,89  105 

2,27 

- 

1,11  106 

2,83 

IF 

4,03  10& 

10,28 

7,22  10$ 

1,84 

1  106 

2,55 

1,95  106 

4,97 

9,92  105 

2,53 

1,74  106 

4,44 

2F 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

T* 

6.94  Jl)4 

0,18 

7,22  in5 

1,84 

3.72  ;  Qrs 

0,95 

?.!»  :o5 

0.56 

9,42  105 

2,53 

5.15  305 

1 .31 

*  !  :  tous  modes  confondus  sondaqe  par  retrodiffusion. 


TABLEAU  4 


ZONES  DF.  NON  RECEPTION  OPTIMALE  SIMULTANEE 


Une  represen taticr  qeographique  des  resultats  est  faite  sur  la  f iqure  12  qui  represent?  pour  tous 
les  cas  etudies  et  par  1 ’ut ilisation  dej>  3  modes  possibles,  la  probability  d ' avoir  une  reception 
optimale  sitaultanee. 

Dans  le  cas  d'une  base  constituee  par  4  stations  d'ecoute,  la  reception  dev  tent  optimal?  sur  tou^- 
la  zone. 


3.5.  Conclusion  sur  les  conditions  de  couvertut-o  de  la  zone 
l^s  resultats  obtenus  font  apparait-re  que-  : 

-  les  performances  de  bonne  couverture  necessitent  des  bases  dr-  3  ou  4  stations  d'ecoute. 

-  1 ’utilisation  d’un  sondeur  a  retiodif fusion  anx'liore  d'un  facteur  I  ’  •'tdre  Je  7  la  probability 
de  bonne  couverture, 

--  ]‘ influence  dp  1’activite  sol  a  ire  ne  parait.  pas  importante, 

-  ies  oouvertur es  les  mei iloures  sont  obtenues  i’ete  a  12  Lcurcs.  au  moment  ou  les  qr.-xiiont  r-  non- 
/.ont  aux  d’ ionisation  sont  mirumaux , 

-  ies  couvertures  les  plus  mau vaises  sont  obt envies  ia  nuit  a  cause  de  l 1  absence  de  la  couche  E, 

-  la  position  des  stations  d'ecoute  est  importance  dans  le  sens  ou  elle  I-icai  is>-  les  zones  de  .t  ri¬ 
val  se  reception. 


4  -  DESCRIPTION  DES  SY5TEME.S  PROPOSES 

I, ’etude  presentee  visai t  la  conception  do  syst ernes  a  tres  haute  l  iabilite  qaranf  issant.  rypondant  aux 
utilisateurs  une  soupiesse  maximal*-,  par  1 -ut llisat ion  optimale  des  ear  actor  is  Mques  du  canal  icnos- 
pheriquos  evaluees  sur  une  qrande  echelle. 


4.1.  Hypotheses 

Les  syst«>mes  proposes  s-  it  concus  aver  eomme  object  it  l’obtention  d’une  transmission  a  haute  f  aibi  - 
Lite  d'un  ou  plusieurs  messag cn  onus  sans  cont.ramte  de  preavis  ou  do  rendez-vous  entre  les  corres- 
pondants.  Les  destinataires  ne  connaissent  pas  la  localisation  de  I’emetteur. 

Pr  r  etre  efficace,  le  processus  de  choix  d'une  frequence  de  transmission  doit  t on : r  compte  des  con¬ 
ditions  de  propagation  et  du  bruit  radioelectrique  au  lieu  de  reception.  Trois  sys tomes  ont  ete  pro¬ 
poses  pour  repondre  a  I’objectif  ;  ils  ont  tous  on  commun  1 'ut ll isation  de  la  diversity  i ' "space  et 
dr  frequence.  Un  ensemble  de  N  frequences  est  veille  en  permanence  par  M  reeppteurs  (M  >  N)  repartis 
en  2,  3  ou  4  stations. 

Par  centre,  ils  different  par  le  methodos  d’ evaluation  dzs  conditions  propagation  en  »emps  reel 
(directes  ou  indirectes)  d'une  part  et  du  r.ivoau  de  bruit  local  'on  temps  reel  ou  par  previsions' 
d' autre  part . 


46-7 


4.2.  Systeme  I 


4.2.1.  Principe 

Ce  systeme  est  base  sur  : 

-  1 'utilisation  d'un  sondage  oblique  bistatique  pour  evaluer  en  temps  reel  les  conditions  de 
propagation, 

-  la  connaissance  par  l'emetteur  de  la  liste  des  frequences  de  veille  etablie  au  prealable, 

-  le  choix  par  l'emetteur  de  la  frequence  de  transmission  dans  cette  liste  par  analyse  de  1 ’ lono- 
gramme  regu  en  temps  reel . 


4.2.2.  Selection  des  frequences  veil lees 

Les  listes  des  frequences  veillees  sont  determinees  a  L’aide  des  previsions  ionospheriques  a  long 
terme  et  en  tenant  compte  du  niveau  de  bruit  sur  les  frequences  u^ilisables  evalue  par  une  ana¬ 
lyse  statistique  du  bruit  radioelectrique  aux  lieux  de  reception. 

Les  frequences  veillees  sont  done  determinees  de  fagon  doublement  statistique. 


4 . 3.  Systeme  II 


4.3.1.  Principe 

Ce  systeme  differe  du  precedent  par  le  fait  que  le  choix  des  frequences  veillees  est  effectue  en 
temps  reel  par  1' analyse  permanente,  dans  les  stations  d'ecoute,  du  bruit  local  pour  determiner 
parmi  les  frequences  choisies  au  vu  des  previsions  ionospheriques  a  long  terme,  cel  les  qui  son*- 
les  moins  brouillees. 

Les  frequences  veillees  sont  communiquees  a  1 ' util isateur  grace  a  1 ' ad]onction  d'une  capacite  de 
transmission  de  donnees  au  sondeur  oblique  bistatique. 


4.3.2.  Methode  du  choix  des  frequences  veillees 

La  determination  de  la  plage  de  frequence  assurant  ia  couverture  se  fait  comme  avec  le  systeme  I, 
par  1 'utilisation  des  previsions  ionospheriques  a  long  terme. 

I#  choix  des  frequences  veillees  est  effectue  en  temps  reel  a  1* inter leur  de  cette  place,  -'haque 
station  inesure  le  niveau  de  bruit  affectant  tous  les  canaux  de  cette  plage  et  les  rransmet  a  une 
station  dite  centrale  qui  effectue  le  choix  a  partir  des  cri teres  suivants  : 

-  niveau  instantane  du  bruit,  dans  les  stations  d'ecoute, 

-  histonque  de  l'occupatior.  du  canal  con  side  re. 


La  liste  des  frequences  veillee-s  est  conmuniquee  aux  uM  lisatr*urs  a  I'aido  des  siqnaux  d' informa¬ 
tion  emis  simultanement  avec  les  siqnaux  de  snndage,  et  directemenf  aux  stations  d'ecoute. 


4.3.3.  Choix  de  la  frequence  de  transmission 

Le  choix  de  la  frequence  de  transmission  est  effectue,  par  1  '  of  1 1  isateut  ,  '’omme  avec  le  systeme  I 
par  1 'analyse  de  1 ' lonogramme  oblique. 

L>e  choix  de  la  frequence  est  donneo  automa*"iquement  par  les  informations  accompaqnam  les  siqnaux 
de  sondage. 


4  3.4.  conclusion 

La  methode  utiiisant  une  liaison  rest  avec  prise  en  compte  en  temps  reel  du  bruit  aux  lieux  de  re¬ 
ception  est  une  methode  : 

-  adaptat  ive,  lonr-tionnan*"  en  temps  reel  en  ce  qui  concerne  le  brouillaqe, 

-  adaptive  dans  une  qamme  definie  de  fayon  previsionnelle  er.  '~e  qui  concerne  lo  choix  dec  fre¬ 
quences  ve 1 1  lees , 

-  on  temps  reel  en  ce  qui  concerne  la  frequence  de  *ransmission. 
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4.4.  Systeme  III 


4.4.1.  Principe 

Cette  methode  consiste  a  adjoirvdre  a  la  precedent?  un  dispositif  rendant  adapt  at  if  le  choix  de  la 
frequence  de  transmission. 

Le  principe  consiste  a  utiliser  une  station  de  sondage  par  retrodif fusion  pour  dresser  une 
"cartographie  de  1 '  ionosphere"  permettant  de  choisir  au  mieux  les  frequences  optimales  en  mim- 
misant  les  zones  de  non  reception  simultanee  par  2  (3  ou  4)  stations. 

Le  choix  des  frequences  veillees  peut  alors  etre  effectue  comme  dans  la  seconde  methode  aver 
transmission  des  informations  aux  stations  d'ecoute  et  aux  utilisateurs . 

La  station  centrale  ayant  la  connaissance  des  conditions  de  propagation  et  des  niveaux  de  bruit, 
gere  les  T-requtnces  de  transmission  de  faqon  totalement  3daptative  en  fixant  ces  frequences  aux 
stations  d'ecoute  et  aux  utilisateurs  selon  le  proceae  aecrit  ci-dessous. 


4.4.2.  Choix  des  frequences  veillees 

La  station  de  sondage  par  retrodif  fusion  etablit  la  "cartographie  do  I ' ionosphere"  et  deter".  Ind¬ 
ies  zones  de  reception  optimal?  simultanee  pour  etudier  la  rouvor-uro  do  la  zone. 

Cette  determination  est  faite  ae  la  fayon  suivar.te  : 

On  definit  des  zones  annulaires  a  partir  des  conditions  de  propagation  do  rayon  vu’a  1 ’ inter iou: 
d'une  de  ces  zones  il  existe  une  frequence  de  reception  optimal*?  simultanee  pour  au  meins  leu:- 
stations  d'ecoute.  Un  calcul  statistique  a  montre  que  cette  determination  se  fait  pour  iP.8'-  1 

la  surface  de  la  zone.  Pour  les  2,15  %  rest  ant  la  reception  ne  peut  etre  opt i male  quo  sur  1  sou ie 
station  d'ecoute.  La  station  centrale  determine  pour  ces  zones  la  frequence  dormant  io  maxi¬ 

mum  dans  l'ur.e  ou  l'aut.re  des  deux  stations  ou  la  reception  n'esf  pas  optimal?. 

La  determination  des  frequences  veillees  est  taite  par  la  station  centrale  ou  so  trouveut  -orv-'v:- 
trees  les  donnees  relatives  a  la  propagation  (zones  annul aires  >  et  les  result ats  de  i'anaiyso  dr- 
bruit  transmi  comme  dans  le  cas  du  systeme  II.  La  determination  so  fait  separemer.*-  pour  ecu  ]-.<• 
zone  annulaire. 

Pour  une  zone  annulaire,  la  station  centrale  connait  les  deux  stations  b'c-roaro  pear  ;-'«qu ei:<v; 
les  receptions  sont  optimales  ot  peui-  ''h ?rune  de  ops  stations  elle  conr.ait  : 

-  le  niveau  du  champ  requ  pour  la  frequence  opt l male, 

-  Les  frequences  dites  clair^s  immedi a foment  voismes  et  lour  m  veau  do  olar'e. 

Ces  deux  donnees  permettent  de  cal  ruler  oour  •’•haque  frequence  cla:ro  la  probability  d'*-riv:r  pour 
chaque  station  d’ecoute  et  par  consequent  la  probability  de  bonne  reception  par  les  deux  ar  :  -n. • 
d'ecoute. 

La  frequence  de  transmission  est  cello  qui  par  mi  ies  frequences  •lairos  immodiatemor.t  -to¬ 

la  frequence  optimale,  donne  la  mrilleur  probability  de  bonne  reception. 


4.4.3.  Transmission  de  la  frequence  veil  loo  a  \  'ut  i_l  isateur 

La  frequence  dc  transmission  est  assignee  \  i ' ut l 1 isnt eur  par  l'  inter ’modi air e  du  sond,.-v  .'rl;  iue 
bistatique  ou  les  signaux  d’informa?  ion  s-mt  a  ;  outes  iux  siqnaux  do  send  age  comme  dans  1-.  -a.; 

systeme  II. 


4.4.4. 


Conclusion 

La  methode  utilisant  un  sondeur 

-  adaptat  ive,  fonctionnant  er. 

-  adaptative,  fonctionnant  en 

-  adaptative,  fonctionnant  er. 


i  re  t  r  od  i.  ?  f  us  l  on  es  f 
temps  rOei  <-n  c?  rrui 
temps  reel  on  ce  qui 
temps  reel  en  ce  .qui 


une  methode  : 

'■•oncer  no  i o  hroui  i  Lwe, 

ooricerne  le  choix  des  frequences  veil  loos, 
conretne  1c  choix  de  la  frequence  dc  try.  io. 


5  -  CONCLUSION 


La  fiabilite  des  transmissions  depend  des  paramet.res  do  la  pi iun  t.-i.  orcui  1  iaqe.  '.'utilisa¬ 
tion  de  grandes  bases  apporte  des  solutions  a  '■o  problem?.  Lour  dimension  minima  le  est  tixoc  par  )<  - 
brouillaqes.  La  gestion  du  reseau  form-.'*  necessity  la  model  i  sat  ion  sur  une  grande  echo!!?  du  milieu 
rle  propagation  et  1'evaluation  du  brouillage. 
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FIGURE  6 

METHOOE  OE  DETERMINATION  DES  ZONES  DE  RECEPTION  OPTI MALES 
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FIGURE  8 
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